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Graphene, a newly-discovered carbon allotrope, has attracted a lot of attention among 
material scientists because of its unqiue properties. Among graphene prepared by different 
methods, solution-processed graphene oxide is most useful because it can be used to prepare 
graphene-inorganic and graphene-organic compounds. These hybrids show enhanced 
properties for wide ranging energy applications and have the potential to revolutionize the 
energy industries.  
 
The high surface area and electrical conductivity of graphene provide the motivation 
for studying its processing and applications in wide ranging energy-related applications. 
Graphene derivatives such as reduced graphene oxide (rGO) offers large lithium storage 
capacity but the presence of surface traps limits its Coulombic efficiencies, thus the 
mechanism of Li intercalation is studied in this thesis using various spectroscopic techniques. 
A new synthetic method to produce organic-graphene hybrids was developed. Due to the 
strong non-covalent interactions with organic molecules, rGO was used as a template for the 
growth of 1D organic nanostructures, producing unique core-shell hybrid which shows 
improved photovoltaic properties. We also examine the use of rGO as a platform for the 
dispersion and immobilization of metal nanoparticles. Excellent charge transport property of 
rGO renders it an effective electron mediator fuel cell and photocatalytic applications (eg. 
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1.1  Introduction 
 
Graphene, one of the allotropes (carbon nanotube, fullerene, diamond) of elemental 
carbon, is a two-dimensional (2D) sheet of sp
2
-hybridized carbon. It is the basic building 
block of other important carbon allotropes; it can be stacked to form 3D graphite, rolled to 
form 1D nanotubes and wrapped to form 0D fullerenes.
1
 Graphene was discovered by 
Novoselov and Geim in 2004 at Manchester University, where they isolated single-layer 
samples from graphite by peeling it with an adhesive tape.
2
 Since then, graphene has become 
the subject of the intensive study by scientists all over the world, with the views of 
understanding interesting fundamental properties of a truly two dimensional atomic layer as 
well as applying it in technological applications. 
 
The history of graphene is often associated with the use  graphite in pencil lead even 
though graphite use was recorded as early as 6000 years ago when the an early civilization in 
Europe utilized it to decorate pottery.
3
 Prior to the discovery and subsequent detailed 
characterization of isolated or “free-standing” graphene by Novoselov and Geim in 2004 
(who later shared the 2010 Nobel prize in physics because of this discovery), the material was 
studied by carbon scientists as early as the 1960s even though they were generally unaware of 
the exact nature and properties of such a material. Research studies on 2D graphite prior to 
2004 were not comprehensive nor conclusive, influenced partly by the conventional wisdom 
at that time, espoused in a postulate more than 70 years ago by Landau and Peierls 
4,5
 that 2D 
crystals were thermodynamically unstable and could not exist. They argued that a divergent 
2 
 
contribution of thermal fluctuations in low-dimensional crystal lattices should lead to such 
displacements of atoms that they become comparable to interatomic distances at any finite 
temperature.
6
 However, as Geim and Novoselov showed, Nature can be “cheated” and 
graphene monolayer can be exfoliated from graphite with the help of Scotch tape. Since 2004, 
the graphene research has experienced a “boom” and publications on this material have 
increased exponentially.  
 












 and superior mechanical properties with Young’s modulus of 1 TPa.10 In addition, it 






 and good biocompatibility. Such 
exceptional properties have attracted huge interests. Although it will take some time before 
the high end electronic applications of graphene can become realizable, the applications of 
graphene in chemistry can be realized sooner due to the scalable synthesis of solution-
processible graphene and the ease of forming graphene composites. One of the major 
interests is the chemical synthesis and application of graphene composites. These graphene 











 and carbon 
nanotubes (CNTs).
22,23
 The superior properties of graphene composites have been 




 and energy 
storage
27,28
 (solar cell, supercapacitors and lithium ion batteries) and structural reinforcement 
composites. For example, graphene-organic material can be easily produced due to the π-
conjugated backbone of graphene which easily interacts with orgаnіc materials to form 1-
Dimensional (1D) nanostructure through π- π interaction. It is reported that grаphеnе–pеptіdе 
hybrіd nаnowіrеs wеrе prеpаrеd, by mіxіng аn orgаnіc pеptіdе solutіon (dіphеnylаlаnіnе іn 
3 
 
1,1,1,3,3,3-hеxаfluoro-2-propаnol) аnd grаphеnе аquеous solutіon wіth mіld shаkіng.29 Thеsе 
corе–shеll structurеs wеrе subsеquеntly cаlcіnаtеd to rеmovе thе pеptіdе corеs, producing 
hollow grаphеnе shеlls, whіch could bе аpplіеd аs supеrcаpаcіtor еlеctrodеs.29 Moreover, 
graphene-inorganic hybrids which incorporate metals such as Pt, Ag, Ni, Au and other metals 
are highly desirable for various kinds of energy storage devices and printing technology.
30
 
This chapter reviews the basic properties of graphene followed by a discussion of the various 
synthesis routes of graphene and its derivatives. The use of graphene hybrid materials for 
energy storage applications is also discussed.  
 
1.2  Properties of graphene 
 
Graphene forms a honeycomb structure made of carbon atoms arranged in a hexagonal 
manner (Figure 1) with a carbon-carbon bond length of 0.142nm.
31
 The carbon atoms of the 
basal plane are linked together with strong ơ bonds and each carbon atom has a π orbital 
which contributes to a delocalized network of electrons. These out-of-plane π bonds govern 
the interaction between different graphene layers. Graphene is a 2D flake which exhibits 
inherent corrugated surface. The microscopic corrugations are estimated to have a lateral 
dimension of approximately 8-10 nm and a height displacement of about 0.7 to 1 nm.
32
 
Graphene is one of the strongest known materials in the world. It was established that defect-
free graphene has a Young’s modulus of 1.0 TPa and a fracture strength of 130 GPa.33 In 
term of electronic properties, graphene exhibits pronounced ambipolar electric field effect 
such that charge carriers can be tuned continuously between electrons and holes in 













 Single layer graphene can exhibit room-temperature ambipolar 
4 
 
characteristics, e.g. the charge carriers can be alternated between holes and electrons 






Figure 1.1. Graphene as a basic building block of all graphitic materials, namely, fullerenes, 








1.3  Synthesis methods 
 
The main criteria deciding the suitable synthetic route for a specific type of graphene 
are based on its large-scale reproducibility and the required purity for a specific application. 
By and large, synthesis of graphene can be accomplished via top-down or bottom-up 
approaches. Hitherto, the top-down approach generally involves chemical exfoliation of 
graphite and the longitudinal ‘unzipping’ of carbon nanotubes while the bottom-up method 





1.3.1 Top-down approaches 
 
The conventional top-down approach to graphene synthesis refers to the 
micromechanical exfoliation or peeling of highly oriented pyrolytic graphite (HOPG) using 
adhesive or sticky (gecko-like) tape. Although such method typically generates pristine 
graphene, it is appropriate only for small scale laboratory-based studies. To go from the 
laboratory to factory floor, it is clear that industrially-scalable methods are required for the 
mass production of graphene. One top-down approach with mass production capability is the 
oxidative exfoliation of graphite
35
 to produce graphite oxide. The graphite oxide is 
subsequently expanded into single-or few-layered graphene via heat-treatment and concurrent 
removal of the oxygen-based groups
36
 or exfoliated into graphene oxide sheets which can be 
dispersed in aqueous solutions.
34
 The graphene oxide is then converted to graphene using 
chemical or thermal reduction methods.
37
 Although such chemical approach means that it is 
more readily applied to mass production compared to micromechanical exfoliation means, it 
should be noted that this method inevitably introduces a large number of defects into the 
6 
 
graphene due to partial destruction of its aromatic structure and the formation of oxygen-
containing groups,
34
 rendering the material unsuitable for demanding electronics applications.  
 
Another top-down approach is production of graphene by ‘cutting open’ or ‘unzipping’ 
carbon nanotubes to generate elongated graphene strips or ribbons. These actions actually 





 For the latter chemical (acids), a solution-based oxidative process for production of 
nanoribbon structures by length-wise cutting and unravelling multi- and single-walled carbon 
nanotubes can be realized. However, the brute force chemical cutting approaches often 





1.3.2 Bottom-up approaches 
 
The quintessential bottom-up approach is utilization of chemical vapour deposition 
(CVD) to produce graphene from hydrocarbons. This process typically involves thermally 
decomposing a gaseous mixture of hydrocarbons, hydrogen or argon on a suitable metal 
catalytic substrate (e.g. copper or nickel). The CVD method is attractive due to its good 
scalability and the wafer-scale synthesis and transfer of single- and few-layer graphene for 
device fabrication have been reported.
40
 It should be noted that the crystalline quality of CVD 
graphene is poorer than that of the mechanically cleaved counterpart and the crystal grain is 





Another bottom-up chemical approach can also be realized via organic synthesis. Klaus 
Mullen and co-workers have espoused the organic synthesis method whereby discotic 
aromatic hydrocarbons with specific chemical structures and functional groups function as 
precursors for synthesis of molecular graphenes or nanographenes.
41,42
 For example, 
monodispersed nanographenes can be produced using cyclodehydrogenation of 
polyphenylene precursors. In the latter case, dendritic polyphenylene precursors can be 
processed rather easily since they are highly soluble with reduced π–π stacking tendency.  
 
1.4  Graphene composite materials  
 
Composite materials normally exhibit superior properties compared to their individual 
counterparts, and enhanced properties can be obtained from the organic or the inorganic 
components or both materials. To date, carbon-based composites have been extensively used 
in the fields of nanoscience and nanotechnology. The use of carbon nanomaterials as one of 
the elements in the composite is mainly due to its high surface areas, surface inertness and 
versatile surface modification functionalities. Carbon nanotubes (CNTs) have been the focus 
of materials research after the discovery of fullerene.
43
 However, due to some drawbacks of 
CNT such as high cost, cumbersome pretreatment processes as well as its tendency to get 
physically entangled. Many CNT researchers have decamped to join research efforts in 
graphene. Due to its solution-processibility (graphene oxide,GO), graphene can have a bigger 







1.4.1  Graphene-organic Composite Materials  
 
Graphene-organic composite materials have been successfully synthesized in various 
forms such as 1D-nanowires, nanobelt, nanotubes. Conventional ways to form 1D-nanowires 
are based on phase transfer and template-assisted methods. The former requires the transfer 
of “good solvent” into “poor solvent” which causes instantaneous 1-D self-assembly.44 Such 
method is relatively straightforward but it does not seem to be environmentally benign as it 
requires two types of immiscible solvents. On the other hand, the latter method, i.e, template-
assisted method first reported by Martin and co-researchers
45,46 
involves only single solvent 
where heterogeneous seeds (particles or surfaces) are used to promote crystallization. 
Graphene oxide was demonstrated as a template to induce the growth of 1D nanostructures 
and it could also be the scaffold for the 1D nanostructures through certain interactions. For 
example, graphene (or reduced graphene oxide) was shown to play a dual role of atomic 
template and structural scaffold in synthesizing 1D graphene- N,N′-Dioctyl-3,4,9,10-
perylenedicarboximide (PDI) hybrid wires, which displayed enhanced performance over its 
individual components in donor-acceptor type (PDI-graphene/polythiophene) solar cell.
47
 
Another 1D peptide-graphene core-shell nanowires were formed through electrostatic 
attraction between reduced graphene sheets and protonated peptides. The peptide-graphene 
hybrids showed remarkable performance as a supercapacitor after they were subjected to 
thermal calcinations.
48
   
 
Despite the intriguing roles of graphene as discussed above, it also has its drawbacks. 
The hydrophobic backbone of graphene renders it hard to dissolve in certain solvents, thus 
making further processing and application difficult. In order to overcome this drawback, 
surface functionalization of graphene sheet is needed. Amphiphilic functional molecules such 
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as polymers and surfactant, etc. have been shown to act as agents for enhancing the solubility 





 and conducting polymers such as poly(sodium4-styrenesulfonate) 
(PSS)
50
 were reported to be suitable stabilizers to improve the dispersion, solubility and 
conductivity of graphene sheets. There are consistent reports from many researchers that 
graphene-polymer composite materials exhibit enhanced electrochemical performance.
51,52
 
One such graphene-polymer composite material is graphene-polyaniline which showed 
promises as electrode for supercapacitors.
53,54
 Through the synergetic combination of the 
organic materials with graphene, enhanced performance of the composites can be expected. 
Hence, research on rational coupling approaches on graphene targeting various technological 
performances is needed. 
 
1.4.2  Graphene-inorganic composite materials  
 
The incorporation of inorganic materials such as metal nanoparticles and 
semiconductors into graphene has also been widely studied. Graphene acts as an ideal 













 due to its superior properties which afford higher surface area, 
conductivity and thermal stability than CNT. Besides, there is a great demand for the 


























 coated on graphene support. The coating of metal and metal oxide 

























 and polyol method 
60
. The synthesized 
graphene–metal composites have been applied in a broad range of areas, such as surface-











For energy-based applications, carbon-based materials with high surface area and good 
conductivity are much sought after.  However, aggregation and restacking of graphene sheets 
due to the strong Van der Waals interactions are major hurdles that impede the practical 
applications due to the limited exposed surface of graphene sheets. As such, the deposition of 
these metal nanoparticles on graphene could be used as spacer to prevent the aggregation of 
sheets and increase the exposed surface area. These advantages render graphene as a 
promising 2D catalyst support to replace the conventional carbon black or CNT for 
deposition of Pd, TiO2, Pt, Au and other metal nanoparticles. The resultant graphene-metal 
composite has improved the photocatalytic properties due to the synergism of the interaction 
between graphene and metal which affords better electron transport.
65
 The use of Pt-ITO-
graphene as heterogenous catalyst in fuel cell application was reported by Luechinger et 
al..
115
 The durable graphene scaffold provided high surface area, high electrical conductivity 
and better dispersion of metal nanoparticles, which gave a unique structure of triple junction. 
In view of the identified potential of graphene-inorganic composite for various applications, 








1.5.   Energy-related applications 
 
Sunlight is a sustainable source of energy available to humanity. Earth receives solar 
energy at the rate of around 120,000 TW (1 TW = 1012 W) in a reliable and distributed 
manner. This exceeds the present annual worldwide energy consumption rate of ~15 TW and 
any conceivable future needs in this century.
116-118
 Nonetheless, sunlight is dilute; the yearly 
averaged solar power striking the Earth’s surface is about 170 W per square meter, which 
varies depending on geographical locations.
119
 As such, for photovoltaic, photothermal and 
photoelectrochemical solar energy conversion, the challenge is to invent t new materials that 
can harvest sunlight and convert it into electrical energy efficiently.  
 
1.5.1 Organic solar cell 
 
Solar light is one of the most important sources of renewable energy.  To fully exploit 
this inexhaustible energy source, the development of efficient devices to convert solar energy 
to electrical energy is of great importance. Intensive research and development in the 
photovoltaic field are currently underway to replace the first generation conventional 
inorganic solar cell with photoactive organic materials, which may offer a robust alternative 
investment in the longer term. Organic solar cell (OSC) is particularly attractive because of 
their ease of processing, mechanical flexibility and potential for low-cost fabrication of large 
area.
120,121
 This so-called organic solar cell triggered wide interests among material scientists 
to actively develop new photoactive organic compounds to enhance energy conversion 
efficiency. In this respect, organic compounds such as small molecules/conjugated oligomer 
(neutral, charged and metal complexes), polymer and small molecules have gained much 
12 
 
attention because of their wide chemical functionalities by their optical, electrochemical, 




Photoactive materials must be able to absorb light strongly in visible, red and near-IR 
regions of the spectrum in order to harvest most of the photons and ensure efficient 
conversion of solar energy.  π-conjugated materials have attracted much attentions in OSC as 
they usually exhibit absorption bands that are (i) intense, due to the large wave function 
overlap between the electronic ground state and the lowest excited state and (ii) broad, due to 
the significant geometry relaxations that occur in the excited state (the width of the 
absorption bands can exceed1 eV).
124
 However, they only cover the visible region of the solar 
spectrum. In this regard, small band gap materials such as oligomers with electron rich (i.e.  
copper phytalocyanine) and electron deficient (perylene derivative) units in conjugated 
backbone which leads to red-shifted absorption are used in OSC.
125
   
 
Figure 1.2. OSC devices based on donor-acceptor heterojunction architectures. Reproduced 






Typical organic solar cells generally consist of a donor (p-type semiconductor) and an 
acceptor (n-type semiconductor) as active layer.  Figure 1.2 shows two typical OSC devices 
based on donor-acceptor heterojunction architectures. Figure 1.2(a) is a planar-heterojunction 
and (b) is bulk heterojunction solar cell configurations. The bulk heterojunction is presently 
the most widely used photoactive layer for realization of organic solar cells as the interfaces 
between donor and acceptor is all over the bulk which lead to more efficient charge transport. 
 
  Upon illumination, charge transfer occurs at donor-acceptor (D-A) interface.  
Excitons (electron-hole pair bound by Coulomb interaction) are generated from donor.  These 
excitons diffuse to D-A interface and dissociate to negative- (electron) and positive- (holes) 
charge carriers. These photo-generated charged carriers are then transported to and collected 
at opposite electrodes. Excitons that do not reach the interface will recombine and do not 
contribute to the photocurrent. Hence, exciton diffusion path length is one of the limiting 
factors for the efficiency of OSC. Generally, exciton diffusion path length is limited to 5-10 
nm which means excitions formed within this distance from the interface contribute to charge 
separation.
122
 To avoid recombination, the distance between the electron and the hole 
collector must be smaller than an exciton diffusion length. To achieve high efficiency 
photoconversion, control of morphology of the photoactive material is required. The active 
layer morphology should have large charge-generating interface, reduced exciton loss and 
improved percolation pathways for migration of both electron and hole to the collecting 
electrodes. Graphene is attractive for application in solar cell due to its favorable properties 
such as high conductivity, excellent transparency, high chemical and thermal stabilities.
47
 
Depending on its physical form (flat sheet or solution-dispersible flakes), graphene can 
function either as a conducting and transparent electrode, a conducting scaffold for the 
photoactive materials or as encapsulating materials for the solar cell. The research is still at 
14 
 
an early stage and it remains to be seen if a really competitive device with the addition of 





1.5.2 Fuel cell 
 
It is well-documented that the first fuel cell was invented by Sir William Robert Grove 
in 1839. This prototype further paves way for development of polymer electrolyte membrane, 
also known as proton exchange membrane, (PEM) fuel cells in the 1900s which cater for 
high-powered consumer applications such as automobiles. PEM fuel cells are typically 
classified as methanol-based or hydrogen-based depending on the fuel used to convert the 
chemical energy into electricity. The general setup for hydrogen fuel cell is shown Figure 1.3 
below. 
 





The electrochemical reactions in hydrogen fuel cell are as follows: 
Anode   :  H2 → 2H+ + 2e
-       
[1] 
Cathode :  ½ O2 + 2H+ + 2e
-
 → 2H2O      [2] 
Overall  :  H2 + ½ O2 → H2O       [3] 
    E = 1.229 V at 25 °C 
Hydrogen fuel is oxidized at the anode and converted to protons and oxygen is reduced 
to water at cathode. Platinum (Pt) and platinum-based alloy nanoparticles are ubiquitously 
utilized as catalysts in fuel cell technology. The use of platinum in these areas are 
unparalleled; they afford low over-potential in H2 oxidation thus giving high catalytic 
efficiency in fuel cell especially Proton Exchange Membrane fuel cell (PEMFC). That said, 
however, platinum (and its alloys) still necessitates very high fabrication cost due to its high 
metal price and limited availability and this evidently impedes the commercialization 
progress of sustainable energy technologies. As such, the holy grail of fuel cell technology is 
materials that are capable of supplanting platinum and do so at a significantly lower 
fabrication cost. This has initiated research in a new class of fuel cell electrocatalysts based 
on Pt alloys with transition metals (PtM with M = Fe, Co, Ni etc.).
127
    
 
While replacing platinum appears to be a clear vision pursued by chemists and 
materials scientists worldwide, an equally important sub-field is finding/synthesizing an 
appropriate support for nanoparticle catalysts. This is because the catalytic activity of the 
selected metal is strongly influenced by its distribution on a support that can optimize its 
catalytic efficiency. In the case of dispersion of platinum-based nanoparticles on a suitable 
support, the latter should fulfil the following requirements: (1) high surface area and strong 
affinity for the nanoparticles to facilitate efficient immobilization; (2) high electrical 
16 
 
conductivity to enable fast electron transfer in redox reactions; and 3) excellent structure 




In terms of cost and availability, nothing beats carbon black (CB) vis-à-vis its usage as 
support for nanoparticle catalysts, particularly with regards to fuel cell applications. CB is 
intrinsically an amorphous form of carbon usually consists of near-spherical particles of 
graphite, typically less than 50 nm in diameter and may coalesce into particle aggregates and 
agglomerates of around 250 nm in diameter.
130
 A popular CB for PEM fuel cell is the Vulcan 
XC-72 carbon black
131





extensive usage of CB as support can be attributed to its cost-effectiveness, good availability 
and the fact that it can be readily modified (chemically) to introduce functional groups that 
act as sites for platinum anchoring.
132
 It is important to note that, however, CB does suffer 
from drawbacks such as presence of organosulfur impurities which can poison Pt metal.
131
 In 
addition, it has been known that the presence of Pt can accelerate the carbon corrosion rate, 
133
 and the corrosion may be more severe at places where Pt particles reside. This deteriorates 
the attachment strength of Pt particles to the carbon support and ultimately leads to the 
detachment of Pt particles.
134
 Hence, the next step identified by material scientists to 
circumvent these shortcomings is to look for alternative metal supports. The discovery of 
high surface area graphene therefore provides the impetus for using the material as an 
alternative platinum support in the field of fuel cell technology. A graphene predecessor in 
the form of a rolled-up graphene, namely, carbon nanotubes (CNTs), has already exhibited 
favorable characteristics as platinum support. CNTs afford a high electrical conductivity and 
specific interaction between catalytic metals and the CNT supports (the delocalized p 
electrons of CNTs and Pt d-electrons) results in a higher catalytic activity.
131
 As such, there is 
reason to postulate that graphene would act favourably as a replacement for both CB and 
17 
 
CNTs in this context given its well-endowed electronic properties. Detailed literature search 
reveals that usage of graphene for this purpose is still in its infancy and a foray into this study 
would present an interesting scientific excursion.  
 
1.5.3  Li-Ion Battery 
 
Research and development of alternative and high-end batteries catering for consumer 
electronic products has been a pivotal focus for many solid-state physicists and chemists 
since the 1980s. The two main classifications for batteries are disposable (primary) and 
rechargeable (secondary),
135
 Conventional rechargeable batteries such as lead–acid batteries 
and nickel–cadmium batteries and nickel–metal hydride batteries are good energy sources but 
their usage are limited by their huge size and weight. Lithium-ion battery (LIB) is a class of 
rechargeable batteries where lithium ions are transmitted from the negative electrode to the 
positive electrode during discharge, and back when charging (Figure 1.4). LIB utilizes an 
intercalated lithium material as electrode; an aspect which differs from the metallic lithium 
used in the non-rechargable lithium battery. LIB has since replaced the aforesaid 
conventional rechargeable batteries as the main energy source of portable electronic products 




Figure 1.4.  Schematic diagram of lithium-ion battery. 
 
Goodenough and co-workers first reported the use of LiCoO2 as a positive-electrode 
material in 1979
136
 while Yazami and Touzain reported the world’s first successful 
experiment demonstrating the electrochemical intercalation and release of lithium in graphite 
in the early 1980s.
137
 This subsequently inspired Akira Yoshino and co-workers of Asahi 
Chemical, Japan, to construct the first lithium ion battery prototype in 1985
135
 which was 
commercialized by Sony several years later. Although Yazami and Touzain
137
 used a solid 
electrolyte, it nonetheless provided the fundamental basis for the use of a carbon material 
(graphite) as a negative-electrode material which forms the standard material in 
contemporary LIB applications. The lithium-intercalated graphite is actually the first example 




Li forms graphite intercalation compounds (GIC) with graphite. The maximum specific 
lithium insertion capacity for graphite is 372mAh/g.
139
 In terms of LIB applications, one 
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expectation is that graphene (2D) should be better than graphite by virtue of its higher surface 
area for storage and electrochemical reactions. The high surface area however can be a 
double edged sword due to undesirable electrochemical reactions like decomposition of 
electrolyte and trapping of Li ions, leading to irreversible capacity loss. More research is 
needed to understand how to passivate sites which induce undesirable reactions during 
intercalation while optimizing Li storage capacity.    
 
Although the use of graphene and its derivatives for LIB applications are currently 
researched upon intensively, the focus is performance driven and the mechanism whereby Li 
is stored in graphene, vis-à-vis graphite, is far from clear. There is a lack of investigation into 
structural changes during charge/discharge processes in graphene. Although in-situ nuclear 
magnetic resonance (NMR) and in-situ Raman studies of the Li intercalation/deintercalation 
processes are available on graphite, there is a lack of information on graphene. At present, the 
understanding is at best a rather sketchy description on how graphene is capable of high LIB 
performance.  Pertinent questions include: (i) How does oxygenated group on reduced GO 
(rGO) affect the performance of charge storage? (ii) What is the difference in terms of the Li 
storage mechanism between graphene system and grahite as anode material? Many 
researchers have suggested that high surface area and conductivity coupled with specific 
oxygenated group on GO actually aid formation of solid electrolyte interface (SEI) that 
stabilizes the system for subsequent charge storage.
140
 The actual Li storage mechanism in 
graphene system remains elusive. Hence, a detailed investigation of Li 






1.5.4  Carbon dioxide fixation 
 
Carbon dioxide (CO2) is a one of the major greenhouse gases. In view of this 
environmental issue, carbon fixation and the reduction of carbon footprint through 
transformative catalysis is a very important area of research. Looking to nature for cues, 
artificial photosynthesis is a promising strategy which can be used to convert CO2 to 
hydrocarbons such as methane (CH4) under ambient temperature and pressure via the 
following general reaction: CO2 + H2O→ hydrocarbon + O2.
141,142
 This process has two 
advantages, namely, reduction of CO2 concentration in air to ameliorate global warming and 
the generation of renewable energy in the form of short-chained hydrocarbons such as 
methane. The seminal work of Halmann
143
 reported the photoassisted electrolytic reduction 
of aqueous CO2, achieved using p-type gallium phosphide as a photocathode, with part or all 
of the energy being supplied by light that resulted in formation of formic acid, formaldehyde 
and methanol. His findings essentially establish the premise for similar research on reduction 
of CO2 to hydrocarbons. Inoue and co-researchers
144
 built on Halmann’s work and suggested 
the following multi-steps for conversion of CO2 to methane: 
 
2H2O O2 + 4H
+
 + 4e    +0.81 V (1) 
2H
+
 + 2e H2     -0.42 V (2) 
CO2 + 2H
+
 + 2e HCOOH   -0.61 V (3) 
CO2 + 2H
+
 + 2e CO + H2O  -0.53 V (4) 
CO2 + 4H
+
 + 4eHCHO + H2O -0.48 V (5) 
CO2 + 6H
+
 + 6eCH3OH + H2O -0.38 V (6) 
CO3 + 8H
+
 + 8e CH4 + 2H2O -0.24 V (7) 





For CO2 conversion to occur from chemical reactions (1) to (7), the artificial photocatalysts 
must be able to capture and convert solar energy via the required the redox potentials. 
However, in order to achieve the maximum efficiency of these artificial photocatalytic 
systems, key processes such as (i) solar light absorption by light harvesting agent, (ii) charge 
separation and electron transport, and (iii) effective utilization of the generated redox 
potential to drive desired chemical reactions through the aid of an efficient electrocatalyst, 
need to be optimized.
146
 To fulfill criterion (i), a visible light-responsive material is required. 
TiO2-based semiconductor photocatalysts have been the most popular photocatalysts. 
However, such photocatalysts are only activated by ultraviolet light (λ < 400 nm), which 
makes up ca 4% of the solar spectrum.
142







 have been previously 
performed to ‘switch’ the photocatalytic activities of TiO2 to the visible region. On the 
downside, they readily undergo photoanodic corrosion after extended light exposure. 
Therefore, the major challenge is to produce efficient photocatalysts which can work steadily 
under visible light. In terms of charge recombination (criterion ii), materials containing 
carbon have been well-documented as charge separator.
152
 These carbon-based materials 
have been proven to improve the photoelectric conversion properties of metal oxide 
photocatalyst due to high electron mobility and charge transport.
153,154
 In order to drive a 
certain photocatalytic reaction coupled with CO2 fixation, the proposed material should have 
energy band structures which can be easily tailored  by altering the alloy composition (band 
gap 1.1–2.5 eV).155 The conduction bands of this class of semiconductors should lie at a more 
negative potential than that of CO2/CH4 redox couples (-0.24V) in order to convert CO2 to 
CH4 while the valence band edge of the photocatalyst must exceed the oxidation potential of 





Composite materials are typically aimed at improving photoactivity through judicious 
control of the composition of elements according to the desired properties. To date, many 
binary semiconductors such as CdTe, InP, n-doped Ta2O5 have been widely synthesized as 
hybrid photocatalysts for CO2 reduction.
155
 However, these materials suffer from similar 
problems faced by TiO2 mentioned above, namely, low chemical and photochemical stability 
and potential toxicity, which hinder their use for large-scale energy conversion. In view of 
this, promising strategies have been proposed to enhance the light harvesting efficiency of 
semiconductors by elemental doping or nanostructuring. Graphene oxide (GO), a derivative 
of graphene, has been previously investigated by Yeh et al.
156
 as semiconductor photocatalyst 
for water splitting. It was reported that GO with band gap 2.4-4.3 eV was able to catalyze H2 
generation from 20 vol% aqueous methanol solution and pure water. Since GO has the ability 
to split water, as such, we believe that the integration of wide band gap ternary metal oxide 














1.6  Graphene based material for energy applications 
 
Graphene and graphene-based materials show their promises in energy related 
applications.  Advantages of these systems include their high surface area, high conductivity, 





Table 1.1. Common material prerequisites for energy-related applications.
157, 158
 
 Fuel cell Lithium ion 
battery 



































The common desired attributes from Table 1.1 can be found in graphene. Besides, the ease 
and cost-effective synthesis renders graphene based material more appealing to energy-







Table 1.2. Comparison of graphene-based materials uses in various energy related 
applications. 
 
Type of energy 
applications 
Applicability of graphene 
Fuel cell 
 





(i) 2D-graphene renders uniform dispersion of Pt on graphene surface 
as compared to the large curvature of CNT walls which could 
cause aggregation of Pt nanoparticles. 
 
(ii) 2D configuration of graphene with both sides exposed to solution 
leads to larger active surface area compared to 1D tube 
structure(CNT). 
 
rGO shows better tolerances towards CO poisoning compared to 
CNT due to that residual oxygenated functional groups of rGO can 




Graphene strongly enhanced the oxidation efficiencies of both 





Though graphene was shown to be superior to carbon black as 
catalyst support, however, recent work reported that amorphous 
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carbon black might be a much more economical solution than rGO as 
the later requires digestion of highly crystalline graphite with strong 
oxidants to graphite oxide and then thermally exfoliating it to 




Lithium ion battery 
 
Graphene-based materials, such as rGO has higher Li storage 
capacity (600-1000mAh/g) 
162





Graphene contributes in capacity enhancement and initial capacity 
loss reduction via: 
(i)  Graphene acts as anchoring template for metal oxide 
nanoparticles. Graphene maintains good conducting network 
however restacking of the graphene sheets and reaggregation of 




(ii) Graphene can act as wrap around metal oxide particles. 
Encapsulation prevents particle agglomeration and protects 
against volume expansion, and maintains a conducting network to 




Graphene itself may not be suitable for anodes in LIB due to its 
large initial irreversible capacity loss, however, well designed porous 







Organic solar cell Disadvantages of amorphous carbon and CNT lie in the 
difficulties in tuning its electronic properties and CNT suffers from 




Graphene films show excellent conductance, good transparency in 
both the visible and near-infrared regions, ultrasmooth surface with 





(water splitting, CO2 
fixation,degradation 
of pollutants)  
Use of GO or RGO as metal free catalyst is favored over pristine 
graphene in catalysis. The presence of the surface bound oxygen 




rGO with wide band gap and good electron mobility is able to act as 
high performance support for photocatalysis. It tends to suppress 











1.7  Objectives and work scope 
 
Graphene-based materials show tremendous potential in a myriad of energy 
applications. The fascinating properties of graphene and its application in energy applications 
have been reviewed in this chapter. Chapter 2 discusses the experimental techniques 
employed throughout the study while the ensuing four chapters describe the synthesis of 
different types of graphene and its performance in organic solar cell, lithium-ion battery, fuel 
cell and photocatalytic CO2 conversion. 
 
In chapter 3, we investigated the cooperative π-π assembly between GO and a planar 
aromatic molecule to form a graphene-organic hybrid. Interestingly, this hybrid exhibits 
improved electron transport through synergistic effect, this leads to enhanced photovoltaic 
efficiency in organic solar cell.  
 
In Chapter 4, we demonstrated a facile method to coat metal nanoparticles on graphene. 
This method has wide validity for a wide range of metal nanoparticles on graphene. The as-
synthesized graphene-nanometal hybrids were then tested in real proton exchange membrane 
(PEM) fuel cell and its performance compared with commercial carbon black/Pt catalytic 
system. 
 
Graphene-based materials have been researched as a possible substitute for graphite in 
lithium-ion battery applications. Initial studies reveal that graphene based materials do have  
potential  for such application due to its very high capacity if problems such as large 
irreversible capacity, low initial Coulombic efficiency and fast fading capacity can be solved. 
Chapter 5 provides detailed insights into the in-situ Li insertion/extration mechanism on 
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differently processed graphene which includes reduced graphene oxide, exfoliation graphene, 
expanded graphite and commercial graphite. 
 
Lastly, in Chapter 6, reduced graphene oxide(rGO) with ternary compound was used as 
stable and efficient photocatalyts to mimic the natural photosynthetic cycle of the chemical 
conversion of CO2 into useful hydrocarbon under light illumination. The addition of graphene 
was aimed at promoting charge transport and improving the photcatalytic CO2 fixation which 
involves splitting of water and CO2 molecules. 
 
In summary, the findings in this thesis have shown that graphene-based material 
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This chapter elucidates the elementary principles of numerous microscopic imaging, 
spectroscopic and electrochemical techniques utilized in the characterization of the physic-
chemical properties of graphene and graphene-based hybrid material. 
 
2.2  Microscopy 
  
Microscopy is the field that concerns with utilization of an instrument (microscope) for 
visual inspection of minute objects that cannot be seen with the naked eye. It can be classified 
into three different sub-fields, namely, optical, electron and scanning probe microscopes. The 
basic working mechanisms associated with optical and electron microscopy include 
collection of reflected, refracted or diffracted electron beams or electromagnetic radiation 
interacting with the object in order to generate an image. On the other hand, scanning probe 
microscopy incorporates mechanical means to detect the morphological characteristics of 
samples via a physical probe.  
 
Table 2.1 lists the microscopy techniques for visualizing and/or imaging graphene-
based sheets. It should be noted that although it is possible to acquire optical images of 
suspended graphene sheets under bright field transmitted light using optical microscopy, 
routine observation is difficult, especially when graphene is deposited on a substrate that 
increases the background absorption.
1
 As such, other high-end microscopy techniques such as 
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atomic force microscopy (AFM), scanning electron microscopy (SEM) and transmission 
electron microscopy (TEM) are more applicable to surface visual analysis of graphene-based 
materials.  
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2.2.1 Atomic Force Microscopy (AFM) 
 
Atomic Force Microscopy (AFM) is a high-resolution scanning probe microscopy 
technique used to image surface topography on nanometer levels as well as force 
spectroscopy analysis. The main components of AFM are the cantilever (typically silicon-
based), the tip, the sample stage and the optical deflection system consisting of a laser diode 
and a photodetector [2]. A typical AFM configuration (Figure 2.1) consists of a microscopic 
tip with a curvature radius of ca 10-50 nm attached to a cantilever spring which responds to 
external bending forces. To detect this bending (as minute as 0.01 nm) a laser beam is 
focused at the back of the cantilever and reflected towards a position-sensitive photodetector 
which converts this into an electrical signal. Forces that can be measured by AFM include 
mechanical contact, van der Waals, magnetic and Casimir. In the case of force spectroscopy, 
the AFM tip is extended to the surface of the sample and subsequently retracted with the 
static deflection of the cantilever monitored as a function of piezoelectric displacement. 
Forces in the order of several pN can be determined with a vertical distance resolution better 
than 0.1 nm.  
 
There are essentially two modes of AFM imaging, namely, contact and tapping modes. 
For the contact mode, as the name suggests, the tip touches and exerts forces (0.1 – 1 nN) on 
the sample. In the case of tapping mode, the cantilever tip vibrates near the resonance 
frequency at about 300 kHz. The vibration amplitude of the cantilever diminishes as the tip 
moves towards the surface. This differs from the contact mode since the surface is scanned at 
constant reduction of the oscillation amplitude. This results in non-mechanical contact with 
the surface during the scanning process and therefore, the tapping mode can be construed as 
less destructive compared to the contact mode. AFM is widely utilized for characterizing 
43 
 
mechanical properties of suspended graphene sheets. For example, it was reported that 
layered graphene sheets less than 10 nm thick have spring constants ranging from 1 to 5 N/m 





Figure 2.1. Configuration of AFM 
 
2.2.2 Scanning Electron Microscopy (SEM) 
 
Scanning electron microscopy is a method widely used for the examination of surface 
morphology of a sample by scanning it with a beam of electrons. This particular electron 
beam has an energy level that ranges from 100 eV to 40 keV which is focused by one or two 
condenser lenses to a spot (ca 0.4 nm to 5 nm in diameter). Figure 2.2 illustrates a typical 
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configuration for a SEM. An electron gun emits a beam which is focused by a series of 
condenser lens and rendered deflection in the x and y axes. Such configuration enables 
scanning of sample surface in a raster manner. Once the electron beam is in contact with the 
sample, the electrons lose energy by recurring random scattering and absorption within a 
teardrop-shaped volume of the sample (interactive volume). Energy exchange occurs when 
the incidental electron beam collides with the sample, resulting in primary back-scattering of 
electrons. Detectors then collect the secondary or backscattered electrons, and convert them 
to a signal. Secondary electrons afford information on the sample’s morphology and 
topography while back-scattered electrons provide information in regard to its composition. 
SEM can be used for non-conductive samples whereby their resolution can be enhanced 
significantly by sputtering them with conductive metals (e.g. platinum or gold). SEM is 
routinely used to visualize and image nanomaterials and is capable to image graphene-based 







Figure 2.2. Typical configuration of a scanning electron microscope.  
 
2.2.3  Transmission Electron Microscopy (TEM) 
 
Transmission electron microscopy (TEM) is a technique in which a generated beam of 
electrons is transmitted through a sample to produce a representative magnified image via an 
imaging instrument such as a camera. It is capable of imaging at a substantially high 
resolution (at nanometer levels) due to the small de Broglie wavelength of electrons which 
permits detection of crystal morphologies and orientation. At smaller magnifications, the 
contrast exhibited by its image is attributed to absorption of electrons in the sample while at 
higher magnifications; wave interactions govern the intensity of the image. The main 
components of a TEM include a vacuum chamber to allow uninterrupted electrons travel, an 
emission source for generation of electrons, several electromagnetic lenses and electrostatic 
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plates. TEM plays a considerable role in the history of discovery of graphene especially 




2.3  Spectroscopy 
 
Spectroscopy is the study of the electromagnetic spectrum when light interacts with 
matter (molecules) as well as its variation in energy with wavelength. A typical 
representation of spectroscopic data is in the form of a spectrum (or spectra) as a function of 
wavelength or frequency.  
 
2.3.1 X-ray Photoelectron Spectroscopy (XPS) 
 
X-ray photoelectron spectroscopy (XPS) is a highly versatile technique used for 
determination of elemental surface composition as well as identification of chemical 
environment or oxidation state of surface species.
6
 XPS spectra can be generated when a 
sample is irradiated with a beam of X-ray with concurrent measurement of kinetic energy as 
well as the amount of electrons emitted from the sample. An example of this can be seen 
from the schematic diagram shown in Figure 2.3. The most frequently used X-ray sources for 
XPS are Al Kα and Mg Kα. The electron binding energy of each emitted electron can be 
calculated by equation 2.1 if the energy of an X-ray with a particular wavelength is known: 
 
BE = hv – (KE + ϕ)           (2.1) 
 
where BE is the binding energy of the electron, hv is the energy of the X-ray photons being 
used and KE is the measured kinetic energy. The work function, ϕ, is the minimum energy 
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required to “eject” an electron from the highest occupied energy level to the vacuum level. 
For a fixed hv, photoemission from an atom with an identified core level for a specific BE 
will generate photoelectrons with distintive KE characteristic for an element. As such, If hv 
and ϕ are known, the detected KE of the emitted electron can be used to determine the BE. 
An archetypal XPS spectrum is represented by a plot of the number of electrons detected 
against the BE of detected electrons. XPS is very important in surface analysis of graphene 
(and graphene-based materials) since it is able to unambiguously resolve carbon atoms in 
their various oxidation states, namely, unoxidised carbons (both aromatic and aliphatic 
carbons combined), C–O, C––O and COOH7-9.  
 
 







2.3.2 Raman Spectroscopy 
 
Raman spectroscopy is a non-destructive spectroscopic technique used to study 
vibrational and rotational modes in molecules via inelastic scattering of monochromatic light 
from a laser source. Due to light interactions, the energy of the laser photons can be shifted 
up or down. This shift essentially provides information on low frequency transitions in 
molecules. Raman spectroscopy is normally used in conjunction with infra-red spectroscopy. 
The key components of a Raman spectroscopy include the excitation source, sample 
illumination component, wavelength selector and detector (e.g. a photodiode array). Analysis 
steps commence with illumination of the sample with laser beam in the ultraviolet (UV), 
visible or near infrared (NIR) range. Next, scattered light is focused with a lens and 
transmitted through interference filter or spectrophotometer to obtain a Raman spectrum. 
Detection can be carried out using multi-channel detectors.  
 
Raman spectroscopy is a commonly used analytical tool for characterization of carbon 
materials, especially considering the fact that conjugated and double carbon−carbon bonds 
lead to high Raman intensities.
10
 In regard to relevance of this technique for studies presented 
in this thesis, Raman spectroscopy can be used to differentiate between two different sp
2
 
carbon nanostructures (carbon nanotubes and graphene) which have many properties in 
common and others that differ.
11
 In addition, it also allows for monitoring of doping, defects, 









2.3.2.1 In-situ Raman spectroscopy 
 
The in-situ cells (Figure 2.4) utilized in this study were configured with a circular counter 
electrode covered with an electrolyte-soaked polymer-based separator against a circular 
working electrode. Each in-situ cell was designed to facilitate good electronic contact 
between electrodes while avoiding short circuits. The electrodes were also sealed to prevent 
contact with moisture and air so that consistent measurement for a week can be implemented. 
Assembly of the cells was purposefully constructed to impart sufficient flexibility such that a 
thin optical window could be used. In addition, the working electrode was positioned to avoid 
excess electrolyte thickness; this was done to enable laser penetration. In-situ Raman spectra 
were collected at 23 ˚C using a Raman microscope (WiTEC) with a HeNe laser (wavelength 
of 532 nm as the excitation source). An 80× objective (Olympus) was used to concentrate the 
laser light onto the electrode surface. Measurement was conducted in a backscattering 
configuration through the thin glass window onto the upper electrode visible through an 
opening in the current collector. The laser power was reduced to approximately 0.25 mW 




Figure 2.4. Three electrode in situ Raman cell in (A) the fully assembled stage and 
(B) an enlarged area showing the separate components (expanded, not to scale). Reproduced 




2.3.3 UV-visible spectroscopy 
 
Ultraviolet–visible spectroscopy or ultraviolet-visible spectrophotometry (UV-VIS) is 
the absorption/transmission spectroscopy spectroscopy in the ultraviolet-visible spectral 
region (ca 180 to 750 nm). An UV-VIS spectrophotometer can be used to quantitatively 
measure the concentration of absorbing materials by measuring the absorbance at a particular 
wavelength and applying the classic Beer-Lambert law:  
A = εcl                     (2.2)  
where A is the absorbance, ε the molar absorptivity, c the concentration of absorbing species 
and l is the path length. In addition to determination of analyte concentrations, it can also be 
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utilized to examine its molecular properties since different molecules essentially absorb 
radiation of different wavelengths. An absorption spectrum denotes a number of absorption 
bands in regard to structural groups within the molecule. UV-Vis analysis is typically 
conducted by adding a sample with known concentration dissolved in a suitable solvent (e.g. 
water) into a quartz cuvette. A second quartz cuvette with the standalone solvent functions as 
a reference. When UV-Vis light passes through the two cuvettes, spectra due to light 
absorption of sample can be generated. The spectrum of graphene oxide generally shows an 




2.3.4  Fourier Transform-InfraRed (FTIR) Spectroscopy 
 
In this spectroscopic technique, infrared spectroscopy (IR) radiation is transmitted to a 
sample. Some of the radiation passes through a sample (transmission) and some is absorbed 
(absorption) (Figure 2.5). An attached spectrometer subsequently collects and digitizes the 
‘transmitted radiation’, performs the FT function (mathematical procedure), and produces the 
IR spectrum. The FTIR essentially affords information on the vibrational/rotational 
movement of a molecule and thus, is an integral method for identification of a substance with 




Figure 2.5. Schematic of FTIR operation and typical spectrum output.  
 
2.4  Electrochemistry 
 
Electrochemistry is the study of structural and chemical alterations at the interface 
between an electrode and electrolyte and/or at the interface between two electrolytes. There 
are various types of electrochemical analyses which are able provide different information 
based on electron/charge transfer. 
 
2.4.1 Cyclic Voltammetry (CV) 
 
Cyclic voltammetry (CV) is a highly versatile measurement technique based on 
potentiodynamic electrochemistry used for investigation of the kinetics and mechanistic 
aspects of redox reactions. Its versatility and relative simplicity enable widespread utilization 
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in the fields of electrochemistry, inorganic chemistry, organic chemistry, biochemistry and 
materials chemistry. CV is a widely used technique for determination of fundamental aspects 
regarding capacitive electrochemical cells such as the voltage window, capacitance and cycle 
life. CV consists of cycling the potential of an electrode immersed in an unstirred solution 
and measurement of the resulting current. The potential of this working electrode is 
controlled versus a reference electrode such as a silver/silver chloride electrode (Ag/AgCl).
15
 
The controlling potential applied across the working and reference electrodes is the excitation 
signal. A cyclic voltammogram can be obtained by measuring the current at the working 
electrode during the potential scan whereby the current can be considered the response signal 
to the potential excitation signal [15]. Figure 2.6 shows a typical cyclic voltammogram.  
 
 







2.5  X-Ray Diffractometry 
 
X-ray diffractometry (XRD) is a highly flexible and non-destructive technique used by 
mineralogists and solid state scientists that provides chemical composition and 
crystallographic structure of substances. In this method, the sample, usually in a powdered 
form, is irradiated with X-rays of a fixed wavelength () and the intensity of the reflected 
radiation is subsequently recorded. X-rays can be diffracted from minerals as well as solid 
state samples, which, by definition, are crystalline with arrayed atomic structures. X-rays 
scattering occurs in different directions which meet the conditions for constructive 
interference as well as certain geometric requirements that leads to signal amplification. 
These conditions can be duly established via Bragg’s law: 
 
n = 2d*sin           (2.3) 
 
where d is the distance between the lattice planes while  is the angle of incidence with the 
lattice plane. Typically, a diffraction pattern records the X-ray intensity as a function of 2 
angle. Advanced XRD apparatus has the capability to investigate a myriad of crystalline 
properties including crystal structures, crystallite size as well as mechanical properties which 
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Graphene as Atomic Template and Structural Scaffold in the Synthesis of Graphene-





The dual role of graphene (or reduced graphene oxide) as atomic template and structural 
scaffold in the nucleation and assembly of organic nanostructures is demonstrated. The - 
stacking interactions between graphene and aromatic organic molecules affords synergistic 
binding interactions, with the host and guest assuming the interchangeable roles of atomic 
template and structural scaffold. Beginning with the seeding of organic wires on graphene 
template, the outgrown organic wires in turn act as one-dimensional scaffolds where 
graphene sheets coat around to form a unique graphene-organic hybrid structure. Using this 
-assembly approach, we have synthesized one-dimensional hybrid structures consisting of 
graphene-N,N′-Dioctyl-3,4,9,10-perylenedicarboximide (PDI) organic wires. This hybrid 
structure shows enhanced performance over its individual components in donor-acceptor type 




Graphene is a fascinating material not just for electronic applications, but also for its 
use as a dispersable aromatic platform for chemical reactions. Research in graphene has now 
proceeded from the initial phase of developing myriad strategies for the synthesis of graphene 
sheets to the use of graphene as a precursor in catalysis
1
 or chemical synthesis
2
. One 
possibility is the use of graphene as a templating agent for the synthesis of organic crystals. 
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Conventional fabrication methods for one-dimensional (1D) organic nanowires are broadly 
categorized as either solution-based or templated self-assemblies.
3
 Self-assembly of 
molecules can occur rapidly using biphasic system because the phase transfer from ‘good 
solvent’ to ‘poor solvent’ cause instantaneous 1D self-assembly via cofacial π-π stacking 
between the molecular skeletons in order to lower the surface free energy. In the template 
synthesis pioneered by Martin and co-researchers
4
, heterogeneous seeds (particles or surfaces) 




Many small organic molecules such as porphyrin and N,N′-Dioctyl-3,4,9,10-
perylenedicarboximide (PDI) tend to self-assemble via non-covalent interactions (hydrogen 
bonding, van der Waals, π-π stacking, and electrostatics) to form nanostructures.6-9 As 
opposed to assembly in two-phase solvent system, molecular self-assembly on a template 
bears the potential for engineering much more advanced structures with a higher degree of 
complexity.
10,11 
Controlled nucleation of specific crystallographic phase can be achieved with 
polymorphic matching between host substrate and guest nuclei. In solution, the role of the 
substrate is more complicated because of its dynamic dispersion. For example, it can lower 
the nucleation energy and seed the formation of nanostructures. Another possibility is that 
due to complementary binding interactions, the atomic template can be incorporated into the 
self-assembled structure to become an integral part of the structural scaffold.  
 
In this chapter, we investigate whether graphene sheet can play the role of either the 
structural scaffold or atomic template for crystal growth. The differentiation between the two 
roles is subtle. The atomic template seeds the nucleation, but does not get incorporated into 
the assembled structure, whereas a structural scaffold acts an integral structural component of 
the assembled system. It is possible that these roles are interchangeable by controlling the 
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assembly chemistry, leading to the synthesis of graphene-organic hybrids with unique 
structure (Figure 3.1). 
 
Figure 3.1. Nucleation and growth of graphene-coated PDI wires (PDI-G wire).  
 
To explore the cooperative π-π assembly between graphene and a planar aromatic 
molecule, we choose the perylene-based PDI as the organic molecule. The use of PDI is 
justified by its chemical robustness and high thermal and photostability which favor its usage 
in the fabrication of optoelectronic devices.
12-13
 In addition, PDI is a crystalline n-type 
material which has higher electron mobility and exciton diffusion length than amorphous 
composites.
13-15
 It can also be an alternative to C60-PCBM in organic photovoltaics due to its 
relatively low cost.
15
   
 
3.2 Materials and methods 
 
3.2.1 Synthesis of PDI-G wires 
 
GO was prepared according to the method reported by Hummers.
16
 The as-made GO 
sheets was dispersed in DMF (HPLC grade) at a concentration of 1 mg/mL and ultrasonicated.  
PDI (Sigma Aldrich) was added into GO solution with a GO-to-PDI mass ratio of 1:2. The 
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mixture was refluxed in round bottom flask under constant magnetic stirring at 80 ºC for 24 
hours. Subsequently, the composite was washed with DMF:ethanol (1:5) by centrifuging at 
11500 rpm until all unreacted PDI had been removed. The interaction between PDI and GO is 
predominantly π-π stacking interactions. PDI-GO wires can be recovered from the 
synthesized composites. The PDI-GO wires were dried in a vacuum desiccator and dissolved 
in DMF at concentration of 0.5 mg/mL.  The PDI-GO wires can be hydrothermally reduced 
to PDI-G by transferring 40 ml of PDI-GO solution to a teflon-lined stainless steel autoclave 
and then heated in a furnace for 24 hours at 180 ºC to produce PDI-G wires. The synthesized 
products were filtrated and washed with DMF to remove the unreacted PDI. All the 
synthesized materials were kept in vacuum desiccators. C60, SWNT and graphite were also 
used as nucleating seeds for the growth of PDI hybrid wires. 
 
3.2.2 Synthesis of PDI-GO hybrid 
 
PDI chloroform solution (1 mL, 0.7 mg/ml) was injected into 9 mL big-sized GO (0.08 
mg/ml)
17
 dispersed in water/methanol mixture with a ratio of 1:5. The PDI-GO hybrids were 
filtered and washed and GO-wrapped PDI wires can be found. The PDI-GO wires can be 
converted to PDI-G wires by hydrothermal reduction or thermal annealing. 
 
3.2.3 Annealing of PDI-GO hybrid 
 
The PDI-GO hybrids are subjected to vacuum annealing in a temperature programmed 
oven with background pressure of 110-6 bar. The heating rate is set at 25 ºC/min. These 





3.2.4 Solar cell device fabrication and IPCE measurement 
 
P3HT, PDI and graphene composites were mixed in 1:1 ratio in dichlorobenzene (DCB) 
and spin coated at 800 rpm on ITO/PEDOT electrode for 70 sec. The assembled films were 
annealed at 160ºC for 10 min under N2 atmosphere. Subsequently LiF (1 nm) and Al (100 nm) 
electrodes were evaporated on the films at 110-6 bar vacuum to complete the device 
fabrication. The I-V curves were recorded using solar simulator AMG 1.5 light source of 100 
mW/cm
2
 intensity. The light source employed was a Newport 300W xenon light source, 
controlled by a Newport Digital Exposure Controller, which simulates the solar light through 
an AM 1.5G sunlight filter. The incident light intensity was focused and calibrated to 1 Sun 
(100 mW/cm
2
) with a standard Si solar cell (PV measurements, USA). Action spectrum was 
recorded using a Newport 300 W xenon light source monochromated by a Newport 





SEM images were taken by using JEOL 6701 FESEM (field emission scanning electron 
microscopy) at 30 kV. Transmission electron microscopy (TEM) measurements were 
conducted with a JEOL JEM-3010 microscope at an acceleration voltage of 300 kV. The X-
ray structure of G-perylene was collected using the X-ray powder diffractometry (XRD) at 
the XDD beamline, Singapore Synchrotron Light Source (SSLS). Fiber-like powders were 
pressed into a standard sample holder for standard test in Bragg-Brentano geometry, and into 
a hollow sample holder for testing in transmission geometry, respectively. The XRD data 
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were collected for both G-PDI and pure PDI using 8.048 keV photons (CuK1 radiation 
equivalent), which were selected by a Si (111) channel-cut monochromator. The step size 
was 0.02° in two-theta angles for theta/two-theta scans in Bragg-Brentano and transmission 
geometry respectively. The counting time was 2 seconds for every step. The Raman and 
photoluminescence maps were recorded on a WITEC CRM200 Raman system with a 532 nm 
laser source and a 50× objective lens. The Raman spectrum of PDI-G wires was also 
measured on the same system. The Raman spectrum of SWNT covered PDI was taken on 
Renishaw inVia Raman microscope with 785 nm laser source. 
 
3.3 Results and Discussions 
 
3.3.1 Characterization of PDI-G hybrids 
 
PDI-G hybrids were prepared by hydrothermal treatment of graphene oxide (GO) and 
PDI in DMF. The starting material, GO, was characterized by Atomic Force Microscopy 
(AFM). The AFM topographical image and size distribution curve (Figure 3.2a) reveal that 
the size of GO is in the range from 1 to 4 µm. By performing hydrothermal treatment at 180 
o
C, GO is readily reduced to G. Evidence of the de-oxygenation of GO flakes can be obtained 
from solid state 
13
C Nuclear Magnetic Resonance (
13
C NMR) (Figure 3.2b) and high 
resolution X-ray photoemission (XPS) analyses (Figure 3.2c, d). The 
13
C NMR spectrum of 
GO before hydrothermal reduction shows peaks assignable to the hydroxyl group (C-OH) and 
epoxide (C-O-C) at 69 and 60 ppm, respectively. The intensity of these peaks due to 
oxygenated groups becomes greatly reduced after hydrothermal treatment at 180 
o
C and this 
is accompanied by an increase in peak intensity of sp
2 
carbon (C=C) group at 100-143 ppm, 
which reflects the restoration of π conjugation of G (Figure 3.2b). XPS analysis (Figure 3.2c 
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and 3.2d) also shows the occurrence of deoxygenation following hydrothermal treatment, as 




Figure 3.2. (a) AFM images (inset) and frequency counts of size distribution of GO. (b) 
13
C 
solid state NMR spectra of GO before (i) and after (ii) hydrothermal  treatment at 180
o
C. (c, d) 




The GO flakes acts as a seeding agent for PDI wire growth since no wires can form in 
DMF in its absence. The role of GO as a kinetically-controlled nucleation template can be 






in the solution constant. At high PDI to GO mass ratios, the initial nucleation density of the 
wire is low, but this is followed by the rapid growth of longer and thicker wires due to the 
abundant supply of PDI. Conversely, lower PDI to GO mass ratios create higher density of 
nucleation sites which consume the PDI, resulting in a lower mass supply of PDI for 
subsequent growth. In this case, only shorter and thinner tubes are ultimately produced. By 
controlling the concentration of GO relative to PDI, the diameter and length of the PDI can 
be fine-tuned. At 1:0.5 PDI:GO mass ratio, the PDI wires obtained have diameters within the 
range 5 - 10 µm (Figure 3.3a) as compared to PDI wires with diameter 200 nm obtained 
using 1:1 mass ratio (Figure 3.3b). At a mass ratio of PDI to GO of 1:10, no wire can be 
grown. Instead, 2D PDI-G composite are observed (Figure 3.3C). This indicates that a high 
density of nucleation seeds impedes the subsequent growth of wires due to the consumption 
of PDI molecules.  
 
Figure 3.3. SEM (a) and TEM images (b,c) of PDI-G wire obtained at  PDI:GO mass ratio  of (a) 
1:0.5 (b) 1:1 (c) 1:10. 
 
We infer that cooperative π-π stacking interactions are the main driving force for 
heterogeneous nucleation of the PDI molecules on these flakes, among other possible 
interactions such as hydrogen bonding with residual oxygen groups on reduced GO. It must 
be stated that similar nucleation effects for PDI are observed when other pure carbon-based 




We have tested fullerenes (C60), single-walled carbon nanotubes (SWNT) and graphite 
flakes as seeding agents (discussed in Figure 3.6) and obtained PDI wires successfully in all 
cases, which underpin the importance of π-π interactions. The shape and size of the PDI wires 
grown may, however, be different, due to the differences in size of the nucleation template.  
 
 
Figure 3.4. (a) i, Bright field optical image. ii, Photoluminescence map and iii, Fluorescence-
corrected Raman map of the G band of graphene (excited by 532 nm laser). Scale bars: 2 μm. 






It is difficult to observe the presence of atomically thin graphene on PDI wires using optical 
microscope because of its weak optical contrast (Figure 3.4a,i). In this case, the presence of 
reduced graphene oxide sheets attached to the PDI wires can be verified using fluorescence 
and Raman mapping, as shown in Figure 3.4a,ii. It is well-known that metallic graphene 
quenches the fluorescence from organic dyes efficiently through energy transfer and forms 
the basis of the fluorescence quenching microscopy technique.
18
 The relatively dark area 
surrounded by white line in Figure 3.4a,ii indicates area covered by the graphene flakes. 
Raman analysis of this region (Figure 3.4a,iii) reveals the fingerprint G band (1580 cm
-1
) and 
D band (1380 cm
-1
) of graphene. The peaks can be resolved against the fluorescent 
background because of the effective quenching of the fluorescence from PDI wires by more 




Figure 3.5. (a) XRD patterns of as grown PDI wires and reported PDI wires obtained from 
two-phase solvent method are shown for comparison. (b) Thermogravimetric analysis (TGA) 
curves of PDI-GO hybrid at heating rate 10
o
C/min under nitrogen gas. 
 
To shed light on the structure of the PDI wire, X-ray diffracted analysis (XRD) was 
conducted. All the diffraction peaks can be indexed to the triclinic structure with constant 
lattice of a = 4.69(5) Å, b = 8.56(6) Å, c =20.0(2) Å, α = 86.28(1)°, β = 90.16(2)° and γ = 
81.96(1)° (Figure 3.5). The XRD data reveal that the fabricated PDI wires are highly 
crystalline.
19
 The crystallinity of the fabricated organic wires is similar to that of PDI wires 





3.5a. However, the graphene template-assisted method yields better textural characteristic 
than the PDI wires fabricated by the conventional two-phase solvent method. As shown in 
Figure 3.3, the PDI wires fabricated by template-assisted assembly are extremely long and 
exhibit uniform-width diameter. The thermal degradation characteristics of PDI and GO were 





C are attributed to the removal of water and the decomposition of GO functional 
groups. The onset decomposition temperature of PDI is around 400 
o
C.  It is clear that the 
TGA curve for the as-synthesized PDI-GO hybrids shows a decomposition profile that is 
consistent with the loss of PDI.  
 
3.3.2  Effect of seeding agent types on the morphology of nanostructure 
 
Arising from the use of these different seeding agents, a range of PDI nanostructures 
with different morphologies can be produced, as shown in Figure 3.6. Interestingly, the use of 
C60 as the seeding template produces 1D microbelt (Figure 3.6a). When 1D single walled 
carbon nanotube (SWNT) is used for seeding, 1D PDI microbelts which are coated by SWNT 
are fabricated. 1D PDI wire can be obtained by using graphite flakes as seeding agents, but in 
this case, the diameter of the wire is larger (in the range of 10 to 20 µm) than that using GO 
or G as the seeding agent. This is consistent with the kinetically-controlled template model 
where a large size template acts as the boundary surface for nucleating large wires. These 
different microstructures which were produced by different types of nucleating agent used 
suggest that the surface area of template influences not just the size, but also the shape of the 
nucleated products.  The presence of adsorbed seeding agents on the growing organic wires 
suggests that the nucleating agent may transform into growth inhibitory agent at a later stage 
of the growth process due to surface passivation effects. For example, once the flat surface of 
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any growing crystals reaches micrometer length in lateral scale, nano-sized C60 or SWNT can 
bind readily to the flat face of these growing crystals and inhibit growth in the vertical 
direction, although the growth in the thinner horizontal direction is not impeded. A tape-like 
structure will ultimately evolve (Figure 3.6b). Evidence for the attachment of SWNT on the 
PDI microbelts is obtained from Raman analysis of the microbelts, as shown in Figure 3.6c. 
The Raman spectrum of PDI nanobelts covered by SWNT shows characteristics which is 
typical of both SWNT and PDI. The radial breathing mode and G’ mode (marked in yellow 
regions) of SWNT are clearly resolved. The high-frequency Ag breathing modes
 
of PDI at 
1382, 1293 cm
-1
 are also observed. The G mode of SWNT at 1590 cm
-1
 and Ag breathing 
modes
17
 of PDI at 1572 and 1591 cm
-1
 are overlapped and result in a Raman peak at 1593 cm
-
1




The graphene sheets or graphite platelets (Figure 3.6d) have micro-sized lateral faces 
which are larger than the nucleating wires in the initial growth phase, so the growing wires 
are not passivated by these seeding agents until its size exceeds that of graphene. In this case 
the growth of the nanostructure is isotropic in the radial direction, resulting in the growth of 
cylindrical wires. Therefore, depending on the size of the nucleating agent relative to that of 
the growing crystal, the role of host (atomic template) and guest (adsorbate) can inter-change, 





Figure 3.6.  (a) SEM image 1D PDI microbelts seeded by fullerene template.  (b) SEM 
image showing single walled carbon nanotube (SWNT) covering the outer layer of 1D 
microbelt seeded by 1D SWNT template. Inset: The top-down image showing 1D PDI wires 
covered by SWNT.  (c) Raman spectrum of SWNT-PDI microbelts (excited by 785 nm laser). 
The Raman spectra of pure SWNT and PDI are shown for comparison. (d) SEM image of 1D 




3.3.3  Role of graphene as structural scaffold for PDI wires 
 
 
An elegant illustration of this interchangeable role of atomic template and structural 
scaffold can be observed in the experiment where the sudden appearance of PDI in a solvent 
requires surface stabilization. PDI-chloroform solution (1 mL, 0.7 mg/ml) was injected into 9 











growth and sudden appearance of the PDI wire in these double-phase solvent conditions 
induce the GO sheets to coat densely around the wire, due to the stabilization of the PDI 
wires by the hydrophilic GO. The composition of the as-synthesized PDI-GO was 
characterized by FTIR as shown in Figure 3.7. The FTIR spectrum of PDI-GO shows the 
combination of both GO and PDI spectra. 
 
Figure 3.7. FTIR spectra for GO, PDI and PDI-GO hybrid 
 
  Figure 3.8a shows dense GO sheets coating around the PDI wire. In order to investigate the 
coverage of GO on PDI wires, the sample was subjected to gradual thermal annealing in 
vacuum. From the SEM images shown in Figure 3.8b, a carbon shell remains after the 
evaporation of the organic core, which suggests that the wrapped-around GO sheets are stable 
enough to act as structural scaffold. The wrapped-around GO-PDI hybrid wire can be 




















Figure 3.8. SEM and optical images of PDI wires coated with high density of reduced GO 
sheets; (a) SEM image of the PDI/GO core-shell structures. (b) SEM image showing the 
carbon shell after thermal annealing in vacuum at 1000 
o
C. (c) Bright field optical images (i, 
iii) and corresponding dark field photoluminescence microscopy images (ii, iv). i, ii: PDI 
wires; iii,iv: reduced GO-coated PDI wire (PDI-G wires). Scale bars: 10 µm. 
 
PL analysis of the reduced GO-wrapped PDI wires (abbreviated as PDI-G) synthesized 
here reveals effective quenching of fluorescence originating from the PDI wire, as shown in 
Figure 3.8c, i-iv. 1D PDI wire shows strong red light emission under green light. For the PDI-
G wire, the photoluminescence originating from the PDI wire is effectively quenched when a 
high density of reduced GO sheets coat the PDI wire. The luminescent red spots in Figure 
3.8c,iv are due to the attachment of small PDI particles on the reduced GO surface. These PL 
results show that photoexcited carriers in the organic wire can be transferred rapidly to the 
(a) (b) 
(c) i ii iii iv 
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reduced GO sheets coating around it. We hypothesized that in the presence of reduced GO 
sheets forming an extended coating, i.e. structural scaffold around the PDI wire, the resulting 
heterostructures should facilitate effective charge injection from the organic wire to the 
reduced GO sheets, which acts as a carrier sink. 
 
3.3.4  Photovoltaic properties of PDI-G hybrids 
 
The photovoltaic properties of the PDI and G hybrids were investigated to determine 
whether they offer enhanced performances over that of the individual constituents like PDI 
and G. We also investigated the performance of physically mixed PDI + G composites which 
are made of discrete PDI and G, this system is used as a control to compare with the PDI-G 
hybrids, in order to find out if the coating of G around the PDI wires offers any enhanced 
performance. Using a donor-acceptor type heterojunction cell structure, solar cells with area 
of 11 mm
2
 are fabricated from P3HT: PDI based material films and tested using 100 mW/cm
2
 
AM 1.5 illuminations.  
 
The photovoltaic parameters, short-circuit current density (Jsc), open circuit voltage 
(Voc), fill factor (FF) and power conversion efficiency (PCE) are provided in Table 3.1. 
Obviously, the PDI-G hybrid wires are far superior in all performance parameters compared 
to pure PDI and PDI-G mixture. There are improved current density values (3.85 mA/cm
2
) 
and power conversion efficiency (1.04%) obtained for PDI-G hybrid wire compared to 
control PDI (0.78 mA/cm
2
 and 0.064%) and physically mixed PDI-G composite (0.013 
mA/cm
2















Voc, Open circuit voltage. Jsc, short circuit current density. FF, fill factor. , solar cell efficiency.  
a
PDI–G were prepared by physically mixing PDI and GO at a mass ratio of 1:10. bPDI–G hybrid 
wires were synthesized by the hydrothermal method with PDI and GO at a mass ratio of 1:0.5. PDI–G 
hybrids consist of reduced graphene oxide-wrapped PDI wires. 
 
The vastly improved performance can be explained by the efficient exciton dissociation 
at the P3HT and PDI-G hybrid interface, as well as efficient charge transport enabled by the 
conjugated network of the graphene shells surrounding the PDI core.   
 
 
Figure 3.9.  The enhanced performances of the PDI and G hybrids over that of the individual 
constituents like PDI and G on the application of oragnic solar cells.  (a) Solar cell data: I-V 
plot of ITO/PEDOT:PSS/P3HT:PDI-G hybrid at 1:1 ratio/LiF/Al device under dark(black) 
and light(red) illumination after heating at 160
o
C. Inset: Solar cell device structure.  (b) IPCE 
spectra for PDI  and PDI-G hybrid. 
 
The device structure and current density–voltage characteristics of PDI-G hybrid 
devices are shown in Figure 3.9a. The Incident-Photon-to-electron Conversion Efficiency 
Composites Voc (V) Jsc (mA/cm
2
) FF (%)    (%) 
PDI  0.49 0.78 16.7 0.064 
PDI-G mixture
a 
0.90 0.013 18.0 0.002 
PDI-G hybrid
b 





(IPCE) spectrum in Figure 3.9b reflects a broad band photocurrent conversion between 300 to 
630 nm. The significant increase in IPCE for PDI-G wires compared to PDI alone proves the 
efficient charge injection and charge transport in PDI-G hybrid system.  Further improvement 
can be obtained by optimizing the interface morphology between donor and acceptor moieties 






In conclusion, we have demonstrated that graphene can act as an effective nucleating 
agent for the growth of organic nanostructures. The validity of this approach extends to other 
forms of nanocarbon which possess the aromatic skeleton. Interestingly, it was observed that 
the perylene wire can be coated by graphene oxide or reduced graphene oxide sheets to form 
a hybrid system. Such type of synergistic interaction between organic nanostructures and 
nanocarbon affords a novel route to the synthesis of hybrid materials with new properties. We 
envisage that a new class of graphene-organic hybrids with applications in organic 
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Porous carbon materials with high surface areas can serve as supports for metal nanoparticles 
and form an integral component of fuel cell technology. In essence, the surface chemistry and 
structure of the catalyst support significantly influence nanoparticles dispersion and their 
durability. Our motivation for this work is two-fold. Firstly, we presented a one-pot synthesis 
method to produce a wide range of graphene-metal/alloy (Pt, Au, Ag, Pt/Ru) hybrids. 
Secondly, we demonstrated that reduced graphene oxide has the potential to show better 
performance than the conventional carbon due to its excellent electrocatalytic performance. A 
strategy to reduce the loading of Pt using metal oxide co-catalysts was also developed. 
 
4.1  Introduction 
 
Fuel cell is a device that converts chemical energy to electrical energy via chemical 
reactions. Its technologies have been a vital cog for sustainable energy initiatives around the 
world since the introduction of the first prototype in the 1800s. Since then, scientific 
development of a variety of fuel cell technologies has essentially evolved from the crude 
prototype invented by Sir William Robert Grove
1
 to comparatively high-end variations such 
as proton exchange membrane (PEM) and solid oxide fuel cells (SOFC).  
 
PEM fuel cells can be categorized as methanol- or hydrogen-based depending on the 
fuel used for the energy conversion. Hydrogen fuel cell utilizes hydrogen as fuel and the 
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working principle can be briefly understood as oxidation of hydrogen (H2) gas into protons at 
anode and reduction of oxygen (O2) gas at cathode to generate water. Electrons are drawn 
from the anode to the cathode through an external circuit, producing direct current electricity. 
Platinum (Pt) or platinum-based alloy nanoparticles are essentially effective catalysts in fuel 
cell technologies. The advantage of Pt-based catalysts is that they afford low over-potential in 
H2 oxidation which facilitates high catalytic efficiency especially in PEM fuel cells. That said, 
however, such catalysts still necessitate very high fabrication cost
2
 owing to their obvious 
high market prices and limited availability. Therefore, the holy grail of fuel cell technology is 
to replace the noble Pt with non-noble (and cheaper) metal or reduce the loading of Pt in Pt-
based alloy catalysts. To date, however, Pt is still regarded as the best electrocatalyst in fuel 
conversion and widely researched worldwide due to its small over-potential. To ensure high 
activity for fuel cell reaction, the active surface area of Pt sites is particularly important as it 
is directly influenced by the nature of catalyst support. Without the presence of an 
appropriate support platform, Pt nanoparticles tend to agglomerate and this essentially 
reduces the electrocatalytic efficiency. 
 
An ideal carbon support for PEMFC electrocatalysts is one that integrates good 
electrical conductivity with high surface area and a pore structure that allows for filling of 
ionomer or polymer electrolyte to bring the catalyst particles close to the reactants and thus 
maximize the three-phase interface (electrode-electrolyte-reactant).
3
 A widely used catalytic 





 Concerted efforts in enhancing the surface area of catalytic support are currently 





as potential substitutes to carbon black. For example, Seger and Kamat
9
 
deposited Pt nanoparticles onto graphene sheets by means of borohydride reduction of 
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H2PtCl6 in a graphene oxide (GO) suspension. It was reported that such dispersion was useful 
for achieving relatively better performance in fuel cells. Recently, Jafri and co-researchers
10
 
used standalone and nitrogen-doped graphene nanoplatelets as catalyst support for Pt 
nanoparticles for oxygen reduction reactions in PEM fuel cells. They found that nitrogen 
doping of graphene nanoplatelets enhanced fuel cell performance by improving carbon–
catalyst binding and increased electrical conductivity.  
 
At this point in time, it appears that graphene and its derivatives have tremendous 
potential to replace carbon black as catalyst support. Hence, in this chapter, we demonstrated 
graphene as versatile 2D platform for deposition of a wide range of metal nanoparticles (gold, 
platinum, silver, alloy) via one-pot synthesis method. In addition, a series of graphene 
derivatives such as reduced graphene oxide (rGO), base and acid washed GO (BAGO) and 
electrochemically exfoliated graphene (EG) coated with Pt nanoparticles were prepared and it 
can be expected that the morphology of the support will significantly influence the fuel cell 
performance.  
 
To revolutionize the energy industry, cost reduction in fuel cell is important. Therefore, 
hybrid nanocomposites integrating Pt and other metal oxide as alternative catalytic materials 
are swiftly gaining grounds in fuel cell research. An example of such initiative was reported 
by Kou et al.
11
 whereby indium tin oxide (ITO) nanocrystals was directly synthesized on 
functionalized graphene sheets, forming an ITO-graphene hybrid. Platinum nanoparticles 
were subsequently deposited, forming a unique triple-junction structure (Pt-ITO-graphene) 
which exhibited enhanced stability and activity polymer electrolyte membrane fuel cells. 
Recently, Lou and co-researchers
12
 prepared TiO2 nanoparticles-decorated graphene 
nanosheets using a hydrothermal method with subsequent deposition of Pt nanoparticles on 
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the interface between TiO2 and reduced GO. They reported that the obtained Pt/TiO2@rGO 
electrocatalyst exhibited enhanced electrocatalytic performance, which could be attributed to 
the unique structure and some possible synergetic effect from the 3-phase Pt–TiO2–rGO 
junctions. Herein, we study the possibility of metal oxide (WO3) as co-catalyst to reduce the 
usage of Pt which would be cost-effective catalyst in fuel cell application. 
 
4.2 Materials and methods 
 
4.2.1 Synthesis of graphene-Pt hybrid 
 
Graphene derivatives (rGO, BAGO and EG) were used as starting materials. They were 
prepared via different methods: rGO was obtained from thermally treated GO
13 
; BAGO was 
synthesized by further acidic (sulphuric acid) and basic (sodium hydroxide) treatments of 
GO
14
; EG was prepared via electrochemical exfoliation method.
15
 The graphene was 
dispersed in propylene glycol and sonicated for 1 hour until homogenous dispersion was 
obtained. Graphene dispersion in propylene glycol was bubbled under nitrogen atmosphere 
for 15 minutes to purge the trapped oxygen. The dispersion was heated under reflux with 
magnetic stirring under exposure of nitrogen. Then, the metal precursor was rapidly injected 
into the hot dispersion at 150 
o
C and heating continues for 1 hour. The hot dispersion was 
cooled in ice-bath. The graphene-Pt hybrid was separated from propylene glycol solution by 
centrifuging at 8000 rpm and precipitate is repeatedly washed with water and ethanol, 






4.2.2 Characterization of graphene-Pt hybrid 
 
Surface morphology of the graphene-Pt hybrid samples were analyzed using JEOL 
6701 field emission scanning electron microscopy (FESEM) at 30 kV. Transmission electron 
microscopy (TEM) measurements were conducted using a JEOL JEM-3010 microscope at an 
acceleration voltage of 300 kV. The crystalinity of the graphene-Pt hybrid samples was 
analyzed using an X-ray powder diffractometer (XRD). The surface and textural 
characteristics of the graphene-Pt hybrid samples were determined using N2 adsorption 
isotherm at 77 K via Micromeritics 3000 surface analyzer. The Raman spectrum of rGO was 
taken on Renishaw inVia Raman microscope with 785 nm laser source. 
 
4.2.3   Electrochemical method 
 
Cyclic voltammetry (CV) was performed using the Autolab PGSTAT30 digital 
potentiostat/ galvanostat with GPES 4.9 software (Eco Chemie, The Netherlands) and a lock-
in ampliﬁer (PAR EG&G model 273A). The conventional three-electrode system consists of 
a glassy carbon working electrode, Ag|AgCl/KCl (sat.) reference electrode, and a Pt wire 
counter electrode. Samples were drop-casted on the surface of glassy carbon and 
measurements were conducted in a beaker. Before all measurements, the electrolyte solutions 
were purged with nitrogen gas for 30 min. Care was taken to ensure no bubble formation on 







4.2.4 Single stack fuel cell performance test 
 
To examine the performance of the fuel cell, a single stack fuel cell was assembled (and 
customized) using a method described by Liu et al.
16
 It was fabricated using a 
membrane/electrode assembly consisting two stainless steel plates with flow manifolds on the 
supply sides for gas and water and two Teflon gaskets. The anode was a 5 cm
2
 20% Pt/C 
Johnson Matthey electrode (JM), rGO-Pt, BAGO-Pt, EG-Pt, respectively, with a platinum 
loading of 0.4 mg cm
−2
. The cathode was prepared from a suspension containing 0.0181 g 
(70%) of catalyst, 0.155 g (30%) of 5 wt% Nafion recast solution and 0.5 ml of distilled H2O 
and had been ultrasonically-blended for 1 hour. The suspension was spread evenly across the 
surface of a carbon paper substrate (Toray TGPH-090). A single cell assembly was produced 
by sandwiching a Nafion 1135 membrane (Du Pont) between the anode and cathode. 
 
4.3  Results and discussions 
 
4.3.1  Characterization of graphene-Pt hybrid 
 
We employed a generic one-pot synthesis method to coat a wide range of nanometal on 
graphene platform. Glycol solvent (ethylene glycol or propylene glycol) was used as 
dispersing medium for graphene flakes and simultaneously acted as reducing agent to reduce 
the metal precursor to metal nanoparticles.
17
 The reduction reaction is shown below: 
 











Butylamine was added as capping agent to prevent aggregation by forming only weakly 
bound and chemically unstable monolayers on metal nanoparticle surfaces. Hence, such 
amine capped-nanoparticles render better dispersion and immobilization on rGO support.
18,19
 
The method allows elegant control of nanometal phase, density and size.  The uniqueness of 
this generic method is reflected by the uniform coating of a wide range of metals such as Au, 
Ag, Pt, Pt-Ru on graphene flakes as shown in Figure 4.1. Au nanoparticles with average size 
of 10 nm have been successfully coated on EG flakes. The lattice fringes for Au and Ag 







Figure 4.1. Characterizations of EG-nanometal composites. (a, b) TEM images of EG-Au, (c, 
d) TEM images of EG-Ag, (e) SEM images and TEM image (inset) of EG-PtRu  and (f) EDX 
of EG-PtRu   
  
In addition, this method is versatile for deposition of nanometals on all forms of graphene 
derivatives (rGO, EG and BAGO). It provides the feasibility of tuning the metal loading on 
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graphene derivatives platform. Figure 4.2 a-c shows the morphology of graphene and its 
derivatives. EG was imaged as flat, smooth sheet and relatively less crumpled as compared to 
rGO and BAGO. Interestingly, BAGO sample exhibits a slightly more crumpled and 
aggregated morphology compared to rGO. This could be due to the post treatment of 
additional acid and base wash. 
 
 
Figure 4.2. SEM images of before (a-c) and after (d-f) Pt coating. (a) EG (b) rGO, (c) BAGO, 
(d) EG-Pt (e) rGO-Pt (f) BAGO-Pt 
 
Nano-sized Pt particles were successfully coated on graphene supports as shown in Figure 
4.2(d-f). The Pt nanoparticles were uniformly coated on graphene platform. The loading of Pt 
was confirmed by Energy-dispersive X-ray spectroscopy (EDX) analysis (Figure 4.3). The 
percentage of Pt nanoparticles anchored on graphene planes can be easily tuned via this facile 





Figure 4.3. EDX characterization of the weight% of Pt loaded on (a) EG (b) rGO and (c) 
BAGO. 
 
The dispersion or spread of the Pt nanoparticles is difficult to detect using just SEM and 
this is where a complementary TEM analysis can be useful. The TEM images in Figure 4.4 









On average, the Pt nanoparticles are homogenously coated on three types of graphene 
derivative supports. The average size for the Pt nanoparticles is smaller than 5 nm in size 
which is believed to show excellent electrocatalytic property. The lattice fringe spacing for 





Figure 4.5.  XRD spectra for GO, rGO-Pt, BAGO-Pt and EG-Pt. 
 
Having established the morphological aspects, we turn our attention to the 
crystallinities of the hybrids. Figure 4.5 shows the XRD spectra of the graphene-Pt hybrid 
90 
 
samples. The most noticeable growth orientation (111) is assigned to the peak at ca 40º. Pt 
nanoparticles deposited on these carbon supports exhibit similar crystal packing, i.e. FCC. 
From the Scherrer equation, the average size of Pt nanoparticles is less than 5 nm. This value 
corroborates well with the observation from TEM analysis.  
 
Figure 4.6. Cyclic voltammetry of (a) G-Pt (b) BAGO-Pt and (c) rGO-Pt electrodes in 0.5 M 
H2SO4 solution purged with N2. Scan rate: 50mV/s. 
 
It is established that the electrochemically-active surface area (ECSA) of Pt is one of 
the important parameters for characterizing a fuel cell electrode.
23 
A larger ECSA implies a 
better electrode, as more catalyst sites are available for electrode reactions. To investigate 
ECSA properties for our samples, we performed CV using 0.5M H2SO4. The integrated area 
under the desorption peak (0 to -0.25V) indicates the total charge relating to H
+
 desorption, 







 Pt/ g Pt] =  
 
Based on CV in Figure 4.6, it is obvious Pt/rGO shows the largest integrated area which 
indicates that high surface areas of Pt deposited on rGO provide more pathways of electrons 
transfer to and from the electrode surface.
9 
 
4.3.2 Characterization of thermally-treated rGO  
 
Since rGO shows the highest ECSA, we focus our attention on rGO supports which 
were prepared under different annealing temperature. Considering the fact that annealing in 
H2 environment yields better rGO quality and rapid heating rate renders efficient exfoliation, 
therefore, we prepared rGO annealed at 300 and 600 ºC (denoted as rGO300 and rGO600, 




.  To gain further insight on the 
chemical changes of GO with respect to annealing temperature, thermogravimetric analysis 













Figure 4.7. (a) TGA curve of GO (b) FTIR spectra of GO, rGO300 and rGO600. 
 
As can be seen from the TGA curve of GO (Figure 4.7a), GO exhibits substantial mass 
loss at temperature lower than 300 
o
C.  The weight loss below 100 
o
C can be attributed to the 
removal of adsorbed water followed by weight loss up to 200 °C which can be due to the 
elimination of oxygenated functional groups. Based on the TGA curves, rGO obtained at 
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300 °C and 600 °C should have different proportions of carbon and oxygen contents. The 
modifications of the functional groups for rGO300 and rGO600 can be further understood 
using Fourier transform infrared (FTIR) spectroscopy measurement. The broad water peak 
around 3410 cm
-1
 is ascribed to the water O–H stretching vibration.24 Hydroxyl and epoxy 
groups have been known to distribute over the carbon basal plane while carboxyl groups are 
mainly located at the edge in GO
25
, and hence, the fingerprints of these functional groups 
were shown in Figure 4.7b. The partial reduction of GO is evident from the spectra of 
rGO300 and rGO600 where the signal at 3410 cm
−1
 fades away and hydroxyl, epoxide, and 
carboxyl peaks become not so prominent. Peak at 1582 cm−
1
 assigned to C=C bond is still 
present and signal sp
3
 C-H peak at 2939 cm−
1
 associated with defects and sp
2
 peak at 2919 cm






Figure 4.8. (a) G-band intensity normalized Raman spectra and (b) N2 adsorption isotherm of 
GO, rGO300 and rGO600 at 77 K, 
 
rGO prepared via thermal reduction suffers from relatively high oxygen-containing 
defects and structural defects such as vacancies and topological defects resulting from the 
release of carbon dioxide during deoxygenation.
26,27
 Raman spectroscopy was used to 
characterize these rGO samples. As shown in figure 4.8a, all the Raman spectra display two 
prominent peaks of the D band and G band. The G band arises from the zone center E2g mode, 
corresponding to ordered sp
2
 bonded carbon, whereas the D band is ascribed to edges, other 
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defects, and disordered carbon.
28
 Apparently, the intensities of D-band of rGO samples 
decrease as compared to that of starting material GO. This implies the restoration of original 
graphene lattice. The degree of disorder of rGO can be determined by ID/IG ratio. It is found 
that the ID/IG ratios for rG300 and rGO600 are 0.88 and 0.77, respectively. The ratio 
decreases as annealing temperature increases which is attributed to in-situ defect-healing 
effect.
27,28
 This healing effect gives rise to better π-conjugation of graphene basal plane and 
increases the conductivity. 
 
Thermal annealing of GO renders better exfoliation due to the expansion of interlayers 
by CO or CO2 gases.
28
 This certainly increases the surface area of rGO since the gasification 
of GO induces formation of pores. As shown in Figure 4.8b, rGO300 and rGO600 isotherms 
have well-defined hysteresis loops which are generally associated with capillary condensation 
taking place in mesopores, and the limiting uptake (in this case N2) over a range of high p/p° 
with possible occurrence of monolayer-multilayer adsorption.
29
 This isotherm can be 
classified as Type IV in accordance with the IUPAC classification with indication of 
mesoporosity. The mesoporosity of rGO, which may arise from the pores present on the basal 
plane and voids trapped between stacked rGO sheets, can contribute to an enhancement in 
fuel cell performance due to highly integrated interconnected pore systems. The (Brunauer-
Emmett-Teller) BET surface areas of GO, rGO300 and rGO600 are 20, 496 and 212 m
2
/g, 
respectively. The decrease in surface area of rGO600 may be due to restacking of graphene 
sheets resulting from the defect elimination and restoration of π-conjugation. This could also 
be reflected by the smaller ID/IG ratio indicating lower degree of disorder. 
 
 Graphene with idealized atomic lattice possesses outstanding electronic properties are 
highly sought after, however, deviations from such idealized graphene crystallinity which 
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result in surface defect and poorer conductivity
30 
can be advantageous in catalysis or energy 
storage applications. In addition, experimental or theoretical studies have proven that defects 
associated with dangling bonds enhance the reactivity of graphene.
30
 Since rGO300 and 
rGO600 are structurally different in terms of defect, it is interesting to investigate the 
dispersion of Pt on these two supports and their performance in hydrogen oxidation. 
 
Figure 4.9. Cyclic voltammetry of commercial Pt/C (JM), Pt/rGO300 and Pt/rGO600 
electrodes in 0.5M H2SO4 solution purged with N2. Scan rate: 50mV/s. 
 
Based on CV in Figure 4.9, the specific ECSAs of each Pt/rGO300, Pt/rGO600 and 
commercial Pt/C (JM) are 41.9, 30.7 and 21.8m
2
/g, respectively. It is clear that ECSA of Pt 
deposited on rGO supports is enhanced significantly as compared to commercially available 
Pt/C (JM). It is interesting to note that Pt/rGO300 shows the highest ECSA values which 
implies rGO300 support possesses more defective sites thus facilitating anchoring point or 
nucleation seeds for Pt adsorption. These defective graphene-supported Pt nanoparticles may 




4.3.3 Single stack fuel cell performance 
 
The applicability of Pt/rGO hybrids as fuel cell catalyst in real working environments 
was investigated in single stack PEM fuel cell. Pt/rGO hybrids (0.4 mg/cm
2
) were loaded on 
carbon cloth as anode and the standard Pt/C(JM) as cathode. Proton membrane assemblies 
were constructed and tested at different temperatures. 
 
Figure 4.10. Polarization curves of a single stack PEM fuel cell using Pt/rGO300, Pt/rGO600 
and commercial Pt/C (JM), respectively, as the anode catalyst in (a) 30
o






Table 4.1. Performance of Pt/rGO300, Pt/rGO600 and commercial Pt/C (JM) as anode in 
single stack hydrogen PEM fuel cell. 
Catalyst 








Pt/rGO300 101 216 
Pt/rGO600 78 184 
Pt/C (JM) 61 169 
 
The hydrogen fuel cell performances were compared in Figure 4.10 and Table 4.1. It can be 
seen that the output voltage and power density increase as working temperature increases 
from 30 to 80
 o
C.  It is evident that the power densities delivered by Pt/rGO300 are the 
highest. These performance results are in good agreement with their ECSA as revealed by the 
CV measurements, confirming that the higher surface areas and larger pore volumes afford a 
higher degree of catalyst dispersion while these highly integrated interconnected pore 
systems increases the triple-phase boundaries (electrode, electrolyte, reactant-H2 gas).  The 
transportation of H3O
+
 is critical for the performance of anode. The porous morphology of 
rGO renders enhanced accessibility for the Pt nanoparticles for efficient oxidation of 
hydrogen gas which also improves proton transportation. Generally, hydrogen is dissociated 
into protons and electrons on Pt surface via the following reactions: 
 H2 2H
+
 + 2e- 
                         2Pt + H2   Pt-Hads  + Pt -Hads   







) with the form of H3O
+
 essentially transfer through Nafion membrane from 
anode to cathode and subsequently combine with O2 and electrons to form H2O. Therefore, 
the pore structures are vital for gas transport. This is where the rGO defect edges could 
possibly positively influence electrocatalytic activity and ultimately boost the fuel cell 
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performance as attributed to the enhanced surface reactivity of Pt on the defect edges. Overall, 
rGO has shown its unique 2D defective yet conducting platform as Pt catalyst to maximize 
the triple phase –boundaries for efficient electrochemical reactions. 
 
4.3.4  Metal oxide/Pt/ RGO as catalyst 
 
After establishing that rGO300 is the best catalyst support, we further investigate the 
effectiveness of integrating metal oxide for enhancement of the fuel cell performance since a 
comparable replacement for Pt would mean better cost-effectiveness. We coated WO3 
nanoparticles on rGO/Pt which have been proven that WO3 showed synergistic effect in 








Figure 4.11. Characterization of Pt/rGO coated with WO3 nanoparticles (a) TEM images of 
WO3/Pt/rGO, (b) EDX of WO3/Pt/rGO, (c) Cyclic voltammetry of commercial Pt/C (JM) and 
Pt-WO3/rGO electrode in 0.5M H2SO4 solution purged with N2. Scan rate: 50mV/s and (d) 





As shown in Figure 4.11(a), the WO3/Pt/rGO composite was successfully synthesized 
using the method reported by Zhang and co-workers et al.
31
 The EDX data shown in Figure 
4.11(b) shows the presence of the WO3 and Pt nanoparticles on rGO300 support.  The 
voltammogram of WO3/Pt/rGO300 in Figure 4.11(c) indicates higher oxidation current 
density and higher power density (84 mW m
-2
) than commercial Pt/C when tested as anode in 
single stack PEM hydrogen fuel cell (Figure 4.11(d)). The performance enhancement could 
be due to the synergistic effect of WO3 and Pt on porous rGO300 support. We believe that 
judicious control of Pt and WO3 loading on such porous support could further improve the 
electrocatalytic performance. 
 
4.4  Conclusion 
 
We have developed a synthesis technique for graphene-nanometal film which is generic 
to a wide range of metals and graphene derivatives. Loading of Pt nanoparticles on rGO 
enhances the performance of fuel cell due to enhanced electrochemical surface area and 
conductivity. In addition, we demonstrated the synergistic effect of metal oxide (WO3) and 
Pt in hydrogen oxidation and this has implication of cost reduction in fuel cell technology. 
This work explores the premise of using rGO as a template for the dispersion of catalyst and 
co-catalyst to improve fuel cell performance. Further improvement in large scale synthesis 
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The galvanostatic profiles of three different types of carbonaceous anode materials, namely, 
commercial graphite, exfoliated graphene (EG) and reduced graphene oxide (rGO) were 
studied comparatively. The lithium storing mechanisms in EG and rGO anode have been 
investigated using cyclic voltammetry (CV), in-situ Raman and ex-situ NMR analytical 
techniques. Both EG and rGO exhibits higher Li storage capacities (state value) compared to 
graphite, in keeping with their higher surface area, however they show poorer Coulombic 
efficiencies, as a consequence of a higher density of defect sites that act as Li traps. Our 
studies revealed that Li storing mechanism of rGO occurs via surface adsorption while 
graphite, and EG to some extent, exhibit staged intercalation to form Li-GIC.  
 
5.1  Introduction 
 
The use of graphitic material as intercalation hosts for rechargeable electrochemical 
power sources was first suggested by Rudorff and Hofmann in 1938.
1
 Graphite is heralded as 
an ideal anode material for lithium- ion intercalation/deintercalation due to its layered lattice 
structure with perfect stacking order of graphene layers either in AB (hexagonal graphite) or 
ABC (rhombohedral graphite) allotropic forms and also due to its lower discharge-charge 
potentials (0.2-3.0 V vs. Li). The use of graphite addresses safety problems encountered by 
Li-metal anode in Li secondary batteries such as the formation of lithium dendrites arising 
from the reversible redeposition of lithium metal when the cell is charged and discharged. 
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Continuous growth of lithium fibers can penetrate the separator and short circuit the anode 
and cathode, leading to severe problem such as explosion. With graphitic anode material, 
lithium forms graphite intercalation compounds (GIC). Lithium intercalates and formed 
compounds which can be classified into stage 4’, 3’, 2’, 2, and 1 GIC compounds, which 
corresponding to LiC36, LiC27, LiC18, LiC12 and LiC6. The last stage (Stage 1) dictates that a 
maximum uptake of one Li guest atom per six carbon host can be achieved in highly 
crystalline graphitic carbons (LixC6, x ≤ 1) which corresponds to the theoretical maximum 
specific charge of 372 mAh/g. Lithium intercalated graphite compounds (Li-GICs) are more 
stable than the Li metal itself as graphite allows reversible intercalation of Li ion at potentials 




 To date, graphite is the dominating anode material in Li-ion batteries as anode material 
due to its low cost, stability and superior cycling performance.
3
 Nonetheless, if the battery is 
overcharged or charged at a high rate, graphite presents safety concerns because of possible 
lithium plating and/or formation of highly reactive lithium dendrites.
4,5
 In view of this, it is 
desirable for anode material to have a relatively high lithium insertion/extraction voltage to 
suppress lithium dendrite deposition on the anode surface. Another disadvantage of graphite 
is its propensity to exfoliate in the presence of some common electrolytes such as propylene 
carbonate.
6,7
 The exfoliated surface presents active sites that enhance solvent decomposition; 
this increases the irreversible capacity and lowers the Coulombic efficiency. Hence, in 
practical applications, graphite typically exhibits a specific charge ca 320 mAh/g
1
 due to 
unavoidable parasitic reactions caused by solvent decomposition. To reduce capacity loss, 




Improving the capacity and stability of carbonaceous anode materials through 
synthesizing new form of carbon materials has been attempted for some time. Processing 
methods like chemical oxidation of graphite powder
8
, mild oxidation of graphite
9
, high 
temperature annealing of graphite in inert atmosphere followed by fluorination or ozonation
8
 
and ball-milling of graphite, coke or carbon fibers
10
 have been  applied with varying degree 
of success to enhance the capacity. In the wake of the discovery of mechanically exfoliated 
graphene by Geim and Novoselov in 2004,
11
 there have been interests to use solution-
processible graphene as energy storage materials in batteries.  
 
Graphene, in essence, is an atom thick carbon sheet with an array of sp
2
-bonded carbon 
atoms packed in a honeycomb crystal lattice. Due to its high surface area and conductive 
properties, it has attracted great attention from materials chemists as an alternative to graphite 
for wide ranging applications. Graphene oxide (GO) flakes have been reported to exhibit 
reversible capacity in the range of 600 – 1000 mAh/g12-14, which is higher than the theoretical 
value of graphite. However this property is a double-edged sword. The high surface area of 
graphene which affords high reversible capacity in LIB also creates irreversible capacity loss 
(ICL) during the first few intercalation/de-intercalation cycles. This has been attributed 
commonly to the decomposition of electrolyte and formation of a passive solid electrolyte 
interface (SEI) comprising organic and inorganic electrolyte decomposition products such as 
lithium carbonate (Li2CO3), lithium oxide (Li2O), lithium hydroxide (LiOH), lithium 
alkoxides or lithium fluoride (LiF) and electrolyte salt reduction products on graphene 
surface.
15
 SEI helps prevent further electrolyte decomposition by blocking the electron 
transport while allowing Li- ions to pass through. It ensures good cycling stability of anode.
16
 
However, the continual growth of this layer can lead to gradual reduction of capacity since a 
portion of lithium might be trapped in the anode material which is kinetically inaccessible. 
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This contributes to significant irreversible capacity loss (ICL). The tendency to form SEI 
layer scales with the BET specific surface area in some cases.
17-19
 Anode materials that are 
endowed with high surface area allow enhance Li storage capacity but also suffer from higher 
irreversible capacity loss. This double-edge sword has motivated research efforts in 
passivating Li “traps” in graphene. For example, controlling the coverage of oxygen on 
graphene oxide (rGO) via annealing at different temperatures, or deposition of metal oxide 
nanoparticles on rGO surface are widely investigated to solve the trade-off issue between ICL 
and reversible capacity.  
 











 on conductive graphene support have been shown to be effective in 
preventing electrode pulverization which leads to large irreversible capacity loss and poor 
cycling stability. Nanoparticles can be supported well on graphene and buffer the strain of 
volume change of metal or metal oxides during lithium insertion/extraction processes while 
preserving the high electrical conductivity of the overall electrode.
24
 In addition, 
nanoparticles can effectively prevent the restacking of graphene layer, thus increasing the Li 
storage capacity due to high surface area.
25
 This synergistic interaction due to the intimate 
contact between metal or metal oxide/graphene can effectively enhance the reversible 
capacity (or improve the Columbic efficiency) and prevent capacity fading. Surface 
modification of graphene surface to suppress the SEI formation has been investigated. LiF 
nanoparticles were used to cover the the surface of graphene to reduce the surface side 







Most studies focus on the lithium storage capacity and rate capability of graphene 
composites, and the detailed Li intercalation/de-intercalation mechanism of graphene or 
graphene oxide itself remains elusive. How different is the Li storage mechanism of graphene 
from graphite despite the high surface area of the former? To address this question, we 
applied non-destructive analytical tools such as Raman and NMR (either in-situ or ex-situ) to 
investigate the intercalation mechanism of Li in these materials.  
 
5.2 Materials and Methods 
 
5.2.1  Synthesis of rGO and EG 
 
 GO was prepared according to the method reported by Hummers.
27
 EG was prepared 
through electrochemical exfoliation based on method previously reported by Wang.
28
 The as-
prepared EG and GO powder were subjected to annealing at H2 environment at 600 ºC at 
ramp rate of 60
o
C/min for 30 minutes. 
 
5.2.2 Electrochemical measurement  
 
 Electrochemical performances of rGO, EG and commercial graphite were investigated 
using coin-type cells (CR2016). The working electrodes were prepared by a slurry coating 
procedure. A weight ratio of 80:20 of the three samples, Super P carbon and poly(vinyl 
diflouride) (PVDF) dissolved in N-methyl pyrrolidinone (NMP) were mixed and stirred 
overnight to obtain a uniform slurry. The slurry was coated on copper foil and uniform 
thickness of 25 m was obtained by running a doctor blade through it. After drying at 80oC in 
an oven, the foil was pressed using stainless steel rollers pressure and cut into 16 mm 
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diameter electrodes. Test cells were assembled in an argon-filled glove box with metallic 
lithium (thickness, Kyokuto metal Co, Japan,) as the reference and counter electrode, 1M 
LiPF6 in ethylene carbonate (EC)-dimethyl carbonate (DMC) (1:1 volume ratio) as the 
electrolyte and a polypropylene (PP) micro-porous film (Whatman) as the separator. 
Galvanostatic charge-discharge cycling were carried out on a Bitrode battery tester system 
(Model SCN-12-4-5/18, USA) at both low and high current rates of 60 and 600 mA g
-1
 in the 
voltage range of 0.005 to 3.0V (versus Li/Li
+
). Cyclic voltammetry (CV) was performed on a 
computer controlled MacPile II unit (Biological, France) at room temperature at a scan rate of 
0.058 mVs
-1 
from 0.005 to 3.0 V. Details of electrode fabrication and instrumentation were 




5.2.3 In-situ Raman measurement 
 
The specific capacities of the samples (RGO, EG and commercial graphite) were 
measured by a potentiostat/galvaonstat (Neware, BTS-5V3A Battery Testing Equipment) 
during charge and discharge cycles in the range from 3.0 to 0.005 V, with a current density of 
37 mA/g.  During the charge and discharge processes, in-situ Raman spectra were collected at 
room temperature with a Raman microscope (WiTEC) with a HeNe laser (wavelength of 532 
nm as the excitation source. An 80 objective lens (Olympus) was used to focus the laser 
light onto the electrode surface. Measurement is made in a backscattering configuration 
through the thin glass window onto the upper electrode that is visible through the hole in the 






5.2.4 Ex-situ NMR 
 
The lithiated EG, rGO and commercial graphite were discharged to certain voltages at 
37mA/g. The coin cells were dismantled and electrodes were washed in DEC solvent and 
evaporated to remove residual moisture in a glove box. The electrodes were removed and 
transferred into NMR sample tubes (5 mm diameter). 
7
Li NMR spectra were obtained at 
resonance frequency of 155.5 MHz at with a Bruker Avance DRX 400 spectrometer. Pulse 




















5.3  Result and discussions 
 
5.3.1  Characterizations of rGO, EG and commercial graphite 
 
Morphological characterization was conducted using scanning electron microscopy 
(SEM) on our as-prepared samples and commercial graphite.  
 
Figure 5.1. SEM images (a-c) and XRD pattern (d) of commercial graphite, EG and rGO.  
SEM images of (a) graphite, (b) EG (c) rGO. Scale bar, 1µm.   
 
Figure 5.1a shows the thick flake-type graphitic structure of commercial graphite.  EG 
was synthesized via electrochemical exfoliation of graphite without applying any oxidation 
process.
28
 As shown in Figure 5.1b, the exfoliated product contains multilayer graphene 
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flakes, and looked thinner than graphite. rGO which was synthesized using Hummer’s 
method
27 
followed by thermal reduction reveals a different morphology from the EG. SEM 
image (Figure 5.1c) shows that the rGO is more highly crumpled than EG. To examine the 
extent of exfoliation, we analyzed our samples using XRD (Figure 5.1d). As expected, 
graphite shows intense characteristic (002) 2 peak at ~26.4o which corresponds to interlayer 
spacing of 0.338 nm. Following electrochemical exfoliation, the XRD pattern of EG indicates 
peak broadening and weakening of the (002) peak, which suggests an expansion of the 
interlayer distance.
12
 The peak intensity of rGO at 20-30
o
 is scarcely observable when 
compared to graphite and EG. A closer inspection of the XRD pattern of rGO (inset) reveals 
an observable peak at 2 ~26 o. The appearance of the 26o peak suggests restacking of rGO 





Fourier Transmission Infra-red (FTIR) spectrum in Figure 5.2a shows that although the peak 
intensities of the oxygenated functionalities (C=O, C-OH and C-O) in GO have decreased 
after annealing at 600 
o
C to form rGO, it did not vanish completely. 
 
 




rGO exhibit a characteristic sp
3
-hybridized C-H peak at 2939 cm
−1
 and a sp
2





 Thermally annealing GO at 600 
o
C generated massive defects on GO planes due 
to CO2 release. The porous morphology can lead to surface area enhancement and this is 
confirmed by physisorption analysis in which the BET surface areas of commercial graphite, 
EG and rGO are determined to be 4, 70 and 212 m
2
/g, respectively. Interestingly, N2 
adsorption/desorption isotherm curves in Figure 5.2b indicate a clear progression of 
nanoporosity (pore widths < 2 nm) for commercial graphite to mesoporosity (2 nm < pore 
widths < 50 nm) for both rGO and EG. These observations are consistent with the release of 
gaseous species with GO flakes at elevated temperatures. The visual proof of the defective 
rGO morphology was imaged by scanning tunneling microscopy (STM) as shown in Figure 
5.3. 
 
Figure 5.3. STM image of GO annealed at 600 
o
C. (Holes are in black colour). Tunneling 
voltage : 1.0V, current: 0.1nA. 
 






5.3.2 Electrochemical measurement of rGO, EG and commercial graphite 
 
Formation of voids and cavities on graphene sheets due to gasification of carbon atoms 
causes the surface to become porous, thus facilitating Li-ion penetration. This enhances 
capacity over the conventional graphite. To confirm this, we investigate the electrochemical 
performance of our as-prepared graphene samples and commercial graphite.   
 
 
Figure 5.4. Galvanostatic charge-discharge curves of (a) commercial graphite (b) EG and (c) 














 between 3-0.005V (vs Li/Li
+
). Current density: 
37 mAg
-1
 for EG and commercial graphite, 150 mA g
-1
 for rGO electrode. (d) Comparison of 
Capacity vs. cycle number plots and (e) Coloumbic efficiency of commercial graphite, EG 
and rGO. 
 















 cycles. The specific capacities of these 
three electrodes correlate well with the specific surface area revealed by the BET surface 
analyses. Higher specific surface area enables enhanced Li- ion storage capacity but at the 
same time leads to irreversible capacity loss due large surface contact between electrode and 
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electrolyte. Overall, rGO and EG electrode achieved higher Li storage as compared to 
commercial graphite after 40 cycles (Figure 5.4d). The enhanced Li storage performances of 
rGO and EG electrodes are attributed to its higher BET surface area. The combined acid and 
thermal treatments induced defects such as edges, pores and cavities on rGO and EG. Work 
by Ruland
31
, Johnson and Tyson
32
 has shown that a large amount of cavities exists in carbon 
structure heated to 1000
o




It should be noted that despite the high specific capacity performance, the capacity of 
rGO fades with cycling. In addition, it is observed that rGO and EG electrodes suffer from 
high irreversible capacity losses of 1623 (±20) and 487 (±5) mAh/g, respectively, which 
result in lower first Coloumbic efficiencies of 44 and 49.2 %, respectively, compared to the 
conventional commercial graphite electrode (90%) (Figure 5.4e). The substantial irreversible 
capacity loss of rGO and EG are mainly due to decomposition of the electrolytes at its 
manifold defective sites. The rGO capacity fading may be ascribed to the disorder-induced 
structure instability.
13
 These ICL and capacity fading issues in rGO electrode have been 
reported in literatures
12,13







Figure 5.5. Galvanostatic charge-discharge curves of commercial graphite, rGO and EG (a) 
Initial discharge profiles (b) Initial charge profiles. Current density: 37 mAg
-1
 for EG and 
commercial graphite, 150 mA g
-1
 for rGO electrode. 
 
Figure 5.5a and 5.5b shows the typical galvonostatic discharge and charge curves for 
graphitic (commercial graphite) and disordered carbon (RGO and EG). The first discharge 
capacity and reversible capacity for graphite electrode are 344 (Figure 5.5a) and 310 mAh/g 
(Figure 5.5b), respectively, which are in agreement with the typical range reported in the 
literature.
1
 Generally, at potential E > ~0.8 V vs Li/Li
+
, decomposition of electrolyte on 
external graphite surfaces (these external surfaces are the only area measured using surface 
analysis) leads to SEI formation. At potential ~0.8 to ~0.2 V, the main reaction is due to the 
solvated Li intercalation. At this potential range, formation of SEI can continue on the 
external graphite surface if it is insufficiently protected by SEI layers, and solvent-free Li 
ions can intercalate into the graphite bulk. At voltage range ~0.2 to ~0.005 V vs Li/Li
+
, the 
main reaction is the reversible formation of the binary Li-GIC (graphite intercalation 
compounds).
1
 These phenomena can be observed in graphite electrodes where Li 
intercalation starts at 0.2 V as indicated (arrow) in Figure 5.5a. EG electrode delivers 958 
mAh/g which is ca three times the capacity exhibited by graphite. The discharge curve of EG 
shows hysteretic behaviour within the potential range from ~0.8 to 0.2 V which could be due 
to the solvent decomposition on the defects. Somehow, it preserves the archetypical shape of 
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graphite flat plateau at low voltage < 0.2 V. The presence of this plateau indicates the staging 
phenomenon of Li intercalation in the few layered graphene. The discharge curve of rGO is 
apparently different from the graphite curve. rGO electrode achieves remarkably high 
discharge and charge capacities, that are,  2899 mAh/g (Figure 5.5a) and 1275 mAh/g (Figure 
5.5b), respectively. At ~0.8 V, solvent decomposition and SEI formation commences on rGO. 
Interestingly, when these electrodes are further discharged to lower voltage, no distinct 
potential plateau is observed for rGO electrode. This infers that the Li intercalation 
mechanism in rGO should be different from the typical GIC staging phenomenon in 
conventional graphite. We believe that the Li -ions diffuses into the internal surface of rGO 
sheets and are stored within the nanocavities with concurrent occurrence of solvent 
decomposition at the edges of rGO sheets throughout the discharging process, thus resulting 
in huge polarization discharge curve.  
 
 Although EG and rGO exhibit superior Li- uptake compared to conventional graphite, 
they perform poorly in terms of the reversibility of intercalation and deintercalation. This 
information can be extracted from the charge curve during Li deintercalation process. The 
charge curve in Figure 5.5b depicts obvious differences between graphite and graphene (rGO 





Figure 5.6. Cyclic voltammograms of commercial graphite, EG, rGO (a) first cycle (b) 6
th
 
cycle of charge/discharge process at scan rate 58 µV/s. 
 
 Slow scan cyclic voltammetry (CV) was used to further elucidate Li 
intercalation/deintercalation behaviour for the three carbonaceous materials. Figure 5.6a and 
5.6b shows the CV for the first and sixth cathodic and anodic scans. It is clear that the onset 
cathodic peak appears at ~0.8 V for the all the three electrodes which correspond to the 
solvent decomposition and SEI film formation. The CV of EG electrode resembles the CV of 
graphite electrode in showing well-defined redox peaks. This indicates that Li could 
reversibly intercalate and de-intercalate into graphene layers. The first Li intercalation 
voltage which normally occurs below 0.5 V is difficult to be probed in the first cycle which 
could be attributed to thick SEI layer. However, it becomes prominent at potential 0.16 V vs 
Li/Li
+
 in the sixth scans. The exfoliated graphene allows more Li ion diffusion into the inner 
part of the graphene plane and also facilitates the de-intercalation of Li ion as implied from 
the lower anodic peak potential of EG (0.23 and 0.27 V) vs the pristine graphite (0.25 and 
0.29 V) (Figure 5.6a). The CV of rGO electrode reveals more capacitive behavior, which can 
be attributed to the presence of ionizable surface oxygenated groups.
34
 The broad curve 
suggests that storage of Li in rGO may be in the form of electric double layer. In addition, the 
lack of the well-defined redox peaks in the CV of rGO could be due to irreversible 
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decomposition of solvent and also the irreversible reduction of residual oxygenated groups on 
rGO.
1
 As a consequence, broad SEI peak (~0.65 V vs Li/Li
+
) can be observed on rGO 
electrode. 
 
5.3.3 In-situ Raman measurement of rGO, EG and commercial graphite 
 
 
Figure 5.7. In-situ Raman spectra of the first discharge of (a) commercial graphite; (b) EG 
and (c) rGO.  
 
Simultaneous in-situ Raman spectroscopic and electrochemical measurements were 
performed to investigate the structural and electronic properties of carbonaceous materials 
during electrochemical doping. By conventional wisdom, Li intercalated graphite is an 
example of a donor GIC. Intercalation of Li guest into carbonaceous host strongly affects the 




 Overall, the Raman spectra in 
Figure 5.7a-c reveal that the intensities of G-band for three electrodes progressively decrease 
and become unresolved at the end of the discharging process. The decrease in Raman 
intensity is assigned to the loss of resonance due to Li intercalant while the broadened peak is 
likely due to the disorder and inhomogeneity induced by the intercalations of Li which may 
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be related to the different phases of GIC stage.
36,37
 Notably, the G-band positions of graphite 
(Figure 5.7a) and EG (Figure 5.7b) gradually up-shift from 1578 to 1587 cm
-1
 and 1554 to 
1595 cm
-1
, respectively, as the electrodes are cathodically polarized. This upshift indicates 
doping effect as Li intercalants donate electrons to the carbon host (graphite and graphene). 
At voltage below 0.2 V vs Li/Li
+
, G-band disappears in both commercial graphite and EG 
electrodes. The disappearance of the G-band is attributed to the high electrical conductivity of 
stage-1 GIC which leads to a reduction in optical skin depth and Raman scattering intensity 
[38]. This Raman finding implies that interaction of Li and EG resembles the mechanism of 
conventional graphite which may be due to the formation of stage-1 Li-GIC (LiC6). In the 
case of rGO, Figure 5.7c show that the G-band signal weakens and ultimately vanishes at 0.3 
V vs Li/Li
+
, which occurs at relatively higher voltage as compared to EG and commercial 
graphite. Due to the amorphous nature of rGO, it is unlikely that staged GIC compounds can 
form. One explanation or the fast vanishing of the G band is the facile interaction of Li
+
 and 
its solvated species with the oxygenated group on rGO surface. These Li ions randomly 
accommodate the monolithic defective sites and fully cover the rGO surface at relatively 




Li solid state nuclear magnetic resonance (NMR) measurement of rGO, 
EG and commercial graphite 
 
 In order to identify the chemical environment associated with the adsorbed or 
intercalated Li, we employed 
7
Li solid state nuclear magnetic resonance (NMR) to probe the 
chemical inventory of Li species in the graphene electrodes. Chemical shift of NMR signals 
provide insight into the structural changes of electrode materials. The stronger the Li bond 






Li MAS NMR spectra for rGO and EG at spin rate at (a) 8000 rpm and (b) 
10000 rpm, (c, d) repeated experiment for rGO at 8000 rpm. Isotropic resonances are labeled 
and the spinning side bands are denoted with *. LiCl (1M) in distilled water was used as an 
external chemical shift reference at 0 ppm. 
 
Li can be intercalated into layered graphite to form Li-GIC and the stages of GIC can 




  The discharge of electrodes to 0.005 V allow Li 
ions to be fully inserted to form LiC6 formation, this is fingerprinted by a peak appearing 
around 42-45 ppm.
39, 40
  Consistent with the aforementioned Raman findings, the process of 
Li insertion into EG resembles that of conventional graphite, that is, via stages of GIC 
formation as evident from the peak at 42 ppm (Figure 5.8a).  However, such peak is not 
observed in rGO electrodes. The resonances were further confirmed by spinning the samples 
at higher spin rate (Figure 5.8b). The two resonances are still visible at 42 ppm and 1.6 ppm 
for EG electrode despite the shift of spinning side bands. The spectrum of rGO only shows 
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one sharp resonance at 1.8 ppm associated with diamagnetic Li environment. In the repeated 
analysis of rGO electrodes (Figure 5.8c and d), we can observe a shoulder peak (indicated by 
arrow) at around 2.8 ppm assignable to Li2O peak. This low frequency chemical shift 
suggests that Li2O is dominant in the SEI layer, which suggests that Li storage on rGO occurs 
via surface adsorption.  
 
5.4  Conclusion 
 
Electrochemical studies coupled with in-situ Raman and ex-situ NMR analyses have 
revealed differences in the Li intercalation mechanisms between rGO and EG and 
conventional graphite. CV and ex-situ NMR data indicate that Li insertion into disordered 
RGO sheets occur via surface adsorption while the Li-intercalation mechanism for 
electrochemically exfoliated EG follows the Li-GIC mechanism to some extent. Although 
rGO and EG show large intrinsic capacity compared to graphite, the presence of trap sites in 
the form of pores in defective rGO and EG results in a greater degree of Li trapping and 
electrolyte decomposition, contributing to a higher degree of irreversible capacity loss. 
Strategies to passivate these defect sites may come from coating with metal oxide 
nanoparticles
23-25












1. Winter, M., Novák, P., Monnier, A., Journal of the Electrochemical Society 1998, 145 
(2), 428. 
2. Hayes, S.E., Guidotti, R.A., Even Jr, W.R., Hughes, P.J., Eckert, H., Journal of 
Physical Chemistry A 2003, 107(19), 3866.  
3. Tarascon, J.-M., Armand, M., Nature 2001, 414, 359. 
4. Goodenough, J.B., Kim, Y., Chemistry of Materials 2010, 22, 587. 
5. Gao, J., Lowe, M.A., Abruña, H.D., Chemistry of Materials 2011, 23 (13), 3223.  
6. Dey, A.N., Sullivan, B.P., Journal of Electrochemical Society 1970, 117, 222. 
7. Aurbach, D., Ein-Eli, Y., Chusid, O., Carmeli, Y., Babai, M., Yamin, H., Journal of 
Electrochemical Society 1994, 141, 603. 
8. Ein-Eli, Y., Koch, V.R., Journal of the Electrochemical Society 1997, 144(9), 2968. 
9. Yazami, R., Deschamps, M., Journal of Power Sources 1995, 54 (2), 411. 
10. Disma, F., Aymard, L., Dupont, L., Tarascon, J.-M., Journal of the Electrochemical 
Society 1996, 143 (12), 3959.  
11. Novoselov, K.S., Geim, A.K., Morozov, S.V., Jiang, D., Zhang, Y., Dubonos, S.V., 
Grigorieva, I.V., Firsov, A.A., Science 2004, 306, 666. 
12. Xiang,  H.F., Li, Z.D., Xie, K., Jiang, J.Z., Chen, J.J.,  Lian, P.C., Wu, J.S., Yu, Y., 
Wang, H.H.,  RSC Advance 2012, 2, 6792. 
13. Pan, D., Wang, S., Zhao, B., Wu, M., Zhang, H., Wang, Y., Jiao, Z. Chemistry of 
Materials 2009, 21(14), 3136.  
14. Lian, P.C., Zhu, X.F., Liang, S.Z., Li, Z., Yang, W.S., Wang, H.H., Electrochimica 
Acta 2010, 55, 3909.  
124 
 
15. Wu, Z.-S., Xue, L., Ren, W., Li, F., Wen, L.,Cheng, H.-M., Advanced Functional 
Materials 2012, 22 (15), 3290.  
16. Verma, P., Maire, P., Novák, P., Electrochimica Acta 2010, 55, 6332.  
17. Béguin, F., Chevallier, F., Vix-Guterl, C., Saadallah, S., Bertagna, V., Rouzaud, 
J.N., Frackowiak, E., Carbon 2005, 43 (10), 2160. 
18. Fong, R., Von Sacken, U., Dahn, J.R., Journal of the Electrochemical Society 2009, 
137, 2009. 
19. Simon, B., Flandrois, S., Fevrier-Bouvier, A., Biensan, P., Molecular Crystal and 
Liquid Crystal 1998, 310, 333.  
20. Deng, D., Lee, J.Y., Angewandte Chemie - International Edition 2009, 48 (9), 1660.  
21. Chan, C.K., Peng, H., Liu, G., McIlwrath, K., Zhang, X.F., Huggins, R.A., Cui, Y., 
Nature Nanotechnology 2008, 3, 31. 
22. Zhang, W.-M., Hu, J.-S., Guo, Y.-G., Zheng, S.-F., Zhong, L.-S., Song, W.-G., Wan, 
L.-J., Advanced Materials 2008, 20, 1160. 
23. Wang, H., Cui, L.-F., Yang, Y., Sanchez Casalongue, H., Robinson, J.T., Liang, Y., Cui, 
Y., Dai, H., Journal of the American Chemical Society 2010, 132 (40), 13978.  
24. Yang, S., Feng, X., Ivanovici, S., Müllen, K., Angewandte Chemie - International 
Edition 2010, 49 (45), 8408. 
25. Wu, Z.-S., Ren, W., Wen, L., Gao, L., Zhao, J., Chen, Z., Zhou, G., Li, F., Cheng, H.-
M., ACS Nano 2010, 4 (6), 3187. 
26. Wu, Z.-S., Xue, L., Ren, W., Li, F., Wen, L., Cheng, H.-M., Advanced Functional 
Materials 2012, 22 (15), 3290. 
27. Hummers, W., Offeman, R., Journal of the American Chemical Society 1958, 80, 1339. 
28. Wang, J., Manga, K.K., Bao, Q., Loh, K.P., Journal of the American Chemical Society 
2011, 133 (23), 8888.  
125 
 
29. Reddy, M.V., Subba Rao, G.V., Chowdari, B.V.R., Journal of Materials Chemistry 
2011, 21, 10003. 
30. Jeon, I.Y., Shin, Y.R., Sohn, G.J., Choi, H.J., Bae, S.Y., Mahmood, J., Baek, J.B., 
Proceedings of the National Academy of Sciences, 2012, 109 (15), 5588. 
31. Ruland, W., Journal of Applied Physics 1967, 38, 3585.  
32. Johnson, D.J., Tyson, C.N., Journal of Applied Physics 1969, 2, 787. 
33. Mabuchi, A., Tokumitsu, K., Fujimoto, H., Kasuh, T., Journal of the Electrochemical 
Society 1995, 142, 1041. 
34. Jang, B.Z., Liu, C., Neff, D., Yu, Z., Wang, M.C., Xiong, W., Zhamu, A., Nano Letters 
2011, 11 (9), 3785.  
35. Baddour-Hadjean, R., Pereira-Ramos, J.-P., Chemical Reviews 2010, 110 (3), 1278.  
36. Pollak, E., Geng, B., Jeon, K.-J., Lucas, I.T., Richardson, T.J., Wang, F.,Kostecki, R., 
Nano Letters 2009, 10 (9), 3386. 
37. Bendiab, N., Spina, L., Zahab, A., Poncharal, P.,Marlière, C., Bantignies, J.L., Anglaret, 
E.,Sauvajol, J.L., Physical Review B - Condensed Matter and Materials Physics 2001, 
63 (15), art. no. 153407.  
38. Huang, W., Frech, R., Journal of the Electrochemical Society 1998, 145, 3, 765. 
39. Trease, N.M, Koster, T., Grey, C.P. The Electrochemistry Society Interface 2011. 
40. Meyer, B.M., Leifer, N., Sakamoto, S., Greenbaum, S.G., Grey, C.P., Electrochemical 










We demonstrated a new class of graphene-ternary semiconductor hybrid, rGO-cadmium 
germanate (rGO-Cd2Ge2O6), as photocatalyst for CO2 fixation using white light as the 
irradiation source. The presence of graphene provides sygnergistic interaction with Cd2Ge2O6 
in reducing CO2 to CH4 rGO-Cd2Ge2O6 generated higher amounts CH4 than the standalone 
Cd2Ge2O6 catalyst. The enhanced performance could be attributed to role of rGO as an 
electron transfer mediator between the photocatalyst and CO2. 
 
6.1  Introduction 
 
Anthropogenic carbon dioxide (CO2) emission into the atmosphere and its well-
publicised detriments in terms of global warming has made environmental headlines since 
several decades ago. Carbon capture and storage (CCS) are often touted as technical means 
for atmospheric CO2 amelioration. It essentially covers a wide range of technologies that are 
being developed to allow CO2 emissions from fossil fuel use at large point sources to be 
transported to safe geological storage, rather than being emitted to the atmosphere
1
. In terms 
of direct CO2 capture, numerous methods such as conventional amine-based chemical 
absorption
2
, physical adsorbents such as carbon absorbents
3 
or metal organic frameworks
4
, 
fixation via ionic liquids
5
 and even carbonate mineralization
6
 have been proposed. The merits 







A recent study by Olah group
7 
revisited the well-established amine-impregnated 
adsorbents which are used in industry to capture CO2. A more innovative solution such as 
first fixing CO2 using solid state materials and transforming it into useful hydrocarbons such 
as methane has garnered much attention among scientists. This requires the use of nanoscale 
wide-band-gap semiconductors such as titanium dioxide (TiO2) and cadmium sulfide (CdS) 
to photoreduce CO2.
8,9,10,11
 For example, Grimes group
12
 reported a very high conversion rate 
of CO2 to hydrocarbon production obtained under outdoor sunlight using nitrogen-doped 
titania nanotube arrays. Another group has reported the use of doped ceria (CeO2) with H2O 
and CO2 as oxidants which rapidly and selectively produce syngas in the absence of a metal 
catalyst and CH4 in the presence of Ni.
13
 A key factor in determining the success of such 
transformation is the energy levels in  the proposed material should be readily  tailored by 
altering the composition (band gap 1.1–2.5 eV).14 The conduction bands of this class of 
semiconductors should lie at a more negative potential than that of CO2/CH4 redox couples (-
0.24V vs NHE) in order to convert CO2 to CH4 while the valence band edge of the 
photocatalyst must exceed the oxidation potential. The use of wide-band-gap semiconductors 
is impeded by their need for UV excitation and generally low conversion efficiencies.
9,10
 In 
the case of TiO2, its efficiency for photovoltaic and photocatalytic applications is 
significantly hindered by its large band gap ( 3.2 eV) and rapid charge carrier recombination 
dynamics.
11,15 
There is no simple and direct solution to resolve the aforesaid conversion 
efficiency issues but recent research suggests that it is possible to substitute these traditional 
semiconductors with novel ternary metal oxides (ternary metal oxide, MxNyOz where M and 
N represent two different metals and x, y, z = 1, 2, 3,…, hybrid systems) that possess 




1D ternary structures, in comparison with 1D binary ones, exhibit not only more 
complex functions but also properties that are readily tunable by varying the elemental 
composition. Zhou and co-workers
16
 have recently demonstrate that 1D ternary 
nanostructures show photocatalytic properties in regards to CO2 fixation. Studies on carbon 
and ternary metal oxide hybrids for the fixation of CO2 into valuable energy-bearing 
hydrocarbons are still in its infancy. Graphene, a single layer of graphite, has been reported to 
be an efficient cocatalyst for photocatalytic H2 production because of its high specific surface 
area and superior electron mobility.
17
 Hence, solution-processable graphene oxide, is a viable 
candidate to form a hybrid structure with ternary compounds whereby incorporation of 
graphene may create a new class of graphene-ternary metal oxide hybrids with different 
nanostructure morphologies.  
 
Herein, we explore a new class of materials by introducing reduced graphene oxide 
(rGO) with improved conductivity, coupled with ternary compound cadmium germanate, 
(Cd2Ge2O6), as a promising material for fixing and converting CO2 to hydrocarbon. It is 
envisaged that incorporation of rGO enhances the electron transport and boosts CO2 fixation 
performance.  
 
6.2  Materials and methods 
 
6.2.1  Synthesis of Cd2Ge2O6 and rGO-Cd2Ge2O6 
 
Cd2Ge2O6. GeO2 (209.8 mg) was dispersed in 18 ml H2O. Hydrazine monohydrate (2 
mL) was added until the solution appears homogeneous and transparent. Cadmium acetate 
(Cd(Ac)2.2H2O, 5 ml, 0.2 M) was added into solution. The mixture was then stirred for 10 
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min and poured into Teflon autoclave and tightly sealed. The autoclave was then subjected to 
heating at 180 
o
C for 12 hours. For synthesis of rGO-Cd2Ge2O6, GeO2 (209.8 mg) was 
dispersed in GO solution before subjected to a similar synthesis procedure. Both Cd2Ge2O6 
and rGO-Cd2Ge2O6 hybrids were washed with deionized water by repeated centrifugation and 
decantation. After purification, the formed products were dried in oven at 80 
o
C until residual 
moisture is removed.  Ball-milled rGO-Cd2Ge2O6 sample was obtained by ball milling for 24 
hours. 
 
6.2.2  Characterizations 
  
Scanning Electron Microscopy (SEM) images were obtained using a JEOL 6701 
FESEM (field emission scanning electron microscopy). The UV-visible diffuse-reflectance 
spectrum were recorded on a Shimadzu UV 2450PC spectrophotometer and transformed to 
the absorption spectrum according to the Kubelka-Munk relationship. Thermogravimetric 
analysis (TGA) measurements were made in Al2O3 crucibles under nitrogen atmosphere at a 
heating rate of 10 ºC min
-1
 using TA Instruments Q50 thermogravimetric 147 analyzer. X-ray 
diffraction (XRD) was carried out using a Siemens D5005 X-ray diffractometer with CuK (l 
= 1.54060 A°) as the incident beam. The specimens were scanned from 1.4 to 70°.  
Femtosecond transient absorption experiments were carried with 150 fs (FWHM), 1 kHz 
laser pulses. The excitation pulse (400 nm) was generated from an optical parametric 
amplifier (TOPAS-C). The probe pulse (500 nm) was generated by focusing by focusing a 
small portion (B5 mJ) of the fundamental 800 nm laser pulses into a 1 mm-thick sapphire 
plate. Pump-induced changes of transmission (DT/T) of the probe beam were monitored 




6.2.3  CO2 fixation setup 
 
The as-synthesized sample (Cd2Ge2O6 and rGO-Cd2Ge2O6, 0.3 g) was uniformly 
dispersed on the glass reactor (Figure 6.1) with an area of 19.62 cm
2
. A 300W Cermax® 
Xenon lamps, Models PE300BF was used as the light source of the photocatalytic reaction. 
The wavelength output is within the range from 320 to 780 nm. The volume of the reactor is 
436 mL. To avoid contamination, the reaction setup was vacuum-treated and purged with 
high purity CO2 gas at ambient pressure. Deionized water (3 mL) was injected into the 
reactor and the whole system was allowed to equilibrate under the CO2/H2O atmosphere for 
several hours to ensure that the adsorption of gas molecules on catalyst was complete. At 
certain time intervals, gas generated was online measured by gas chromatograph (Agilent 
7890A) 
  
Figure 6.1. Experimental setup for evaluation of conversion rate of CO2 (Figure adopted 
from Liu.Q, et al.
21







6.3  Results and discussions 
 
6.3.1 Characterizations of Cd2Ge2O6 and rGO-Cd2Ge2O6 
 
Cd2Ge2O6 was synthesized using a modified method of Lei, Z. et al.
18
 Under 
hydrothermal conditions at 180 
o
C, a similar ternary compound consisting of bundles of 
nanorods was obtained (Figure 6.2).   These superstructures have diameters ranging from 8 to 
10 µm (Figure 6.2a, b). The morphology of the superstructures did not change after GO 
solution was added (Figure 6.2c). In the presence of hydrazine at high temperature, the GO 
was reduced to rGO
19 
and this composite is denoted as rGO- Cd2Ge2O6. SEM images show 
that rGO sheets are intimately contacted with Cd2Ge2O6 superstuctures (Figure 6.2c) and 









Figure 6.2. SEM micrographs for (a,b) Cd2Ge2O6 and (c, d) rGO-Cd2Ge2O6 
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The crystal packing of the compound was examined using XRD. The XRD pattern in 
Figure 6.3(a) is in good agreement with a previous report by Lei and co-researchers
18
 and 
indicates that the synthesized photocatalyst belongs to the pure monoclinic phase. Due to the 
marginal amount of rGO sample in the composite, it is difficult to distinguish the presence of 
rGO in the composite via XRD. Clear evidence of the presence of rGO can be revealed in 
TGA analysis.  
 
The two-staged weight loss pattern of GO in the TGA curve could be explained by the 
desorption of molecular water preserved in the interlayer of GO at 100
o
C and the removal of 




 By detecting the 
thermal behavior of the as-synthesized samples in Figure 6.3b (inset), it is clear that rGO is 
present in the composite as judged from the characteristic weight loss of oxygenated groups 
on the GO surface. Based on the weight loss, the as-synthesized rGO-Cd2Ge2O6 comprises 7 









Figure 6.3. (a) XRD spectrum of Cd2Ge2O6 and rGO-Cd2Ge2O6. NOTE: for simplicity, only 
major diffraction peaks were indexed. (b) TGA thermogram of the as-synthesized Cd2Ge2O6 
and rGO-Cd2Ge2O6. 
 
The UV-vis diffuse reflectance spectra of Cd2Ge2O6 and rGO-Cd2Ge2O6 presented in 
Figure 6.4 reveal that the background absorption in the visible-light region becomes stronger 









Figure 6.4. Diffuse reflectance absorption spectra of Cd2Ge2O6 and rGO-Cd2Ge2O6  (with 5 
mg GO loading) composites.  
 
The bandgap of Cd2Ge2O6 was determined as 3.73eV based on the absorption edge 
(332nm) obtained from the intercept on the wavelength axis for a tangent line drawn on 
absorption spectra (Figure 6.4). The magnitude of Cd2Ge2O6 bandgap is sufficiently large to 











6.3.2 Photocatalytic reaction 
 
The photocatalytic behavior of this class of rGO-Cd2Ge2O6 hybrid in white light is 
reflected by the performance of the photocatalytic conversion of CO2 into CH4. We 
investigated the photocatalysis of CO2 fixation in a Pyrex top-irradiation reaction vessel 
connected to a glass closed gas circulation system.  
 
 
Figure 6.5. (a) Typical chromatogram generated from gas detection. Arrow shows CH4 peak.  
(b) CH4 peak of ball-milled rGO- Cd2Ge2O6 re-plotted from chromatogram (c) CH4 gas 
generation over Cd2Ge2O6 (black), rGO-Cd2Ge2O6 (red) and ball-milled rGO-Cd2Ge2O6 (blue) 
as a function of photo-illumination time. 
 
Figure 6.5a shows the typical chromatogram collected from experiment. CH4 peak was 
re-plotted and apparently the retention time of CH4 peak appeared at 17.3 min (Figure 6.5b).  
Notably, Figure 6.5c shows that both Cd2Ge2O6 and rGO-Cd2Ge2O6 are capable of 
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photocatalytic reduction of CO2 to CH4 and the CH4 yield increases linearly with irradiation 
time. No significant photoreaction was observed when rGO alone was tested as photocatalyst.  
After a 16-hour long of illumination, Cd2Ge2O6 and rGO-Cd2Ge2O6 produced 6.4 and 8.9 
µmol/g of CH4 gas, respectively. To further improve photocatalytic conversion, we subjected 
the composite to 24-hour ball milling treatment. The yield of CH4 gas was further enhanced 
to 9.5 µmol/g which may be due to the higher surface area of the smaller grains. The CH4 
yields observed in this work are significantly higher than that of the other ternary compound 
(Zn2GeO4) reported by Liu, Q, et al.
 21
 (~ 6 µmol/g of CH4 after 15 hour illumination).  It is 
clear that, in the presence of rGO, the conversion efficiency of CO2 is remarkably higher than 
Cd2Ge2O6 at all illumination times.  
 
Such significant enhancement in photocatalytic reaction implies a synergistic effect 
between Cd2Ge2O6 and rGO. To probe the interaction, we carried out femtosecond transient 
absorption spectroscopy studies on the composite solution using laser pulses excitation at 400 





Figure 6.6. Plot of the integrated transient carrier signal intensity as a function of time delay t 
between the pump and probe pulses of (a) rGO and (b) composite rGO-Cd2Ge2O6. The peak 
of the curve has been normalized to 1.  
 
The appearance of the absorption peak is sharp in rGO with a slow decay time of 300 fs 
whereas Cd2Ge2O6 alone did not show any transient absorption under identical experimental 
conditions. For rGO-Cd2Ge2O6, the excited-state decay time decreased to 240 fs. The 
observed decrease in decay time for rGO-Cd2Ge2O6 indicates the charge transfer interaction 
between the two. 
 
The energy level matching of the photocatalyst with the redox potentials of H2O and 
CO2 splitting reactions is important to ensure efficient photoconversion of CO2 into CH4 gas. 
In addition to wide band gap, the highest occupied molecular orbital (HOMO) and lowest 
unoccupied molecular orbital (LUMO) with respect to the reduction and oxidation levels of 
CO2 and H2O are also important. The energy levels in Cd2Ge2O6 were analyzed using 
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ultraviolet photoemission spectroscopy (UPS) analysis. Figure 6.6 is UPS spectrum of 
Cd2Ge2O6  illuminated from the 21.22eV He I line.  
 
 
Figure 6.6: UPS spectrum of Cd2Ge2O6 thin film on gold substrate biased at -5V. The energy 
separation between the two points is subtracted from the photon energy of 21.22 eV 
determines the HOMO energy. 
 
From the spectrum, the HOMO position relative to the vacuum level is determined as -6.12 
eV while the LUMO can be calculated as -2.39 eV. The reported work function of rGO is ca. 
4.2-4.4V.
21
 The oxidation level of water O2/H2O (-5.32 eV with respect to the vacuum level) 
and reduction level of CO2/CH4 (-4.26 eV with respect to the vacuum level) lie within the 
bandgap as illustrated in Figure 6.6. The energy levels of this photocatalyst are well 




Figure 6.7. Possible reaction path way for the photogenerated electron-hole pairs in rGO-
Cd2Ge2O6. 
 
Water splitting and CO2 fixation processes usually take place simultaneously on the 
photocatalyst surface. Upon illumination, Cd2Ge2O6 absorbs light and electrons are 
photoexcited from its HOMO to the LUMO. These excited electrons can also be injected into 
graphene sheets which have lower work function, with graphene acting as an electron shuttle. 
CO2 molecules absorbing on the surface of the photocatalyst or graphene are reduced to CH4 




  CH4 + 2H2O) whereas water is oxidized to 




). In addition, light-excited Cd2Ge2O6 is capable of 
inducing the formation of hydroxyl radicals (OH*) which is the key reactive species in the 
degradation of organic compounds.
23,24 
These photogenerated electrons and OH* can 
efficiently drive the conversion of CO2 to CH4. The electrons from the photocatalyst can be 
injected rapidly into rGO and from there shuttled rapidly to CO2. Rapid charge injection into 
rGO suppresses the electron-hole recombination and enhances charge transport for CO2 




6.4  Conclusions 
 
In summary, Cd2Ge2O6 and rGO-Cd2Ge2O6 were synthesized using hydrothermal 
method. rGO-Cd2Ge2O6 exhibited better photocatalytic performance thanCd2Ge2O6 in CO2 
fixation. This finding demonstrates the beneficial effect of rGO in promoting charge transport 
and suppressing charge recombination, which boosts the overall photocatalytic water and 
CO2 splitting performance.  
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Conclusion and Future outlook 
 
7.1  Conclusion 
 
This thesis explores the chemistry related to the processing and application of graphene 
derivatives in energy applications. Inspired by the excellent charge transport properties and 
high surface area of graphene-based materials, we studied the application of graphene 
derivatives in fuel cells, lithium-ion battery, solar cells and CO2 fixation. To this end, 
solution-processed graphene oxide flakes were used due to its ease of surface 
functionalization and compatibility with industrial production.  
 
As discussed in this thesis, non-covalent interactions such as π-π interaction of 
graphene with conjugated organic molecules act as the main driving force to induce the 
growth of 1D organic wire. We show that graphene can act as a template for the directed 
assembly of organic wires as well as a scaffold for wrapping around the organic wire to form 
a core-shell structure. Subsequent to this work, further studies on non-covalent interactions of 
rGO with organic molecules as well as its structure-directing role in supramolecular assembly 
were demonstrated in several studies [1-4]. The role of rGO as wrap or template for graphene 
hybrids synthesis has also been confirmed in other systems [5-7].  
 
Next, the utilization of rGO as a 2D scaffold for anchoring metal nanoparticles 
generates a catalyst nanomat which can show enhanced performance in fuel cell applications 
compared to commercial carbon black catalyst support. A solution phase approach to coat 
rGO uniformly with homogeneously sized nanoparticles has been developed. The ability of 
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rGO to capture and shuttle electrons through sp
2
 network enables it to act as electron 
mediator in solar cell and photocatalysis applications. rGO has shown high Li storage 
performance  as anode material in LIB due to the presence of a high density of surface defect 
which enhanced Li ion adsorption.  
 
7.2 Challenges and Future outlook 
 
During the course of fabricating graphene devices, we found that the high theoretical 
surface area of graphene may not be realized in actual applications due to the problem of 
restacking or reaggregation of the graphene sheets. This reduced the surface area significantly 
and the anticipated performance was not realized. These re-aggregation issues can be 
addressed by surface functionalization, for example through coating with polymer or metal 
oxide nanoparticles. Incorporation of such components onto graphene could also solve the 
film uniformity problem in solar cell electrode fabrication and assist in electrocatalytic 
applications in fuel cells. Restacking of isolated graphene sheets is exacerbated by its flat 
morphology and this deteriorates the triple-phase boundaries of electrode in fuel cell 
application. Hence, engineering curved and convoluted morphology on graphene is a viable 
approach to prevent restacking, as confirmed by further research in this area [8-9]. Many 
attempts have been made to transform solution processed 2D graphene oxide into 3D 
curvature shape. These include the use of template and electrostatic interactions between GO 
and template [10] or freeze-drying GO solution [11]. However, the latter method is 
challenging since the 3D porous network may be hydrolysed and broken in aqueous 
environment. Further work such as mixing additives or fillers with GO solution prior to 
freeze drying process may overcome this problem. Morphological engineering of graphene 




Another challenge encountered by graphene anode in lithium ion batteries is the high 
ICL issue for the first cycle due to Li trapping on intrinsically property of porous rGO.  
Research into the appropriate surface modification, e.g. mild oxidation of rGO, surface 
fluorination, pre-treatment in a polyelectrolyte solution or morphology engineering of rGO 
into nanoscale particles, are needed to address this issue. The beneficial aspect of graphene is 
its 2D structure which can be used as a template for crystal growth and also scaffold to 
anchor metal, semiconductor or photoactive materials. However, to fully wrap the 
nanostructure, meticulous size control of GO sheets is needed. Moreover, one needs to 
optimize the concentration of graphene in the photoactive assembly to ensure optimum light 
absorption and efficient photoconversion. Similar to the evolution of activated carbon or 
carbon fibers, post processing of graphene to engineer unique size, shape and functionalities 
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B.  Chromatogram of gas samples catalyzed over Cd2Ge2O6 at different interval 
times.  
(*Note that the mass of catalyst loaded is 300mg) 
(i) 4 hours 
 






(iii) 8 hours 
 
 









































C. Chromatogram of gas samples catalyzed over rGO-Cd2Ge2O6 at different interval 
times.  
(*Note that the mass of catalyst loaded is 100mg) 
























(v) 12 hours 
 
 







































D.  Chromatogram of gas samples catalyzed over ball-milled rGO-Cd2Ge2O6 at 
different interval times.  
(*Note that the mass of catalyst loaded is 100mg) 
(i) 4 hours 
 






(iii) 8 hours 
 
 












(v) 12 hours 
 
 












(viii) 16 hours 
 
